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ABSTRACT 


Analytical  studies  were  conducted  for  the  purpose  of  defining  optimum  systems  for  the 
aerial  delivery  of  payloads  in  the  35,000  to  70,000-pound  range  and  the  aerial  retrieval 
of  payloads  in  the  3,000  to  10,000-pound  range,  A  generalized  approach  was  utilised 
in  the  analysis  and  evaluation  of  candidate  systems  for  both  functions.  Included  in  the 
study  was  a  definition  of  requirements  for  each  operational  phase,  the  development  of 
criteria  for  concept  classification  and  selection,  feasibility  analyses  of  candidate  con¬ 
cepts,  and  a  comparison  of  operational  characteristics  of  delivery  and  retrieval  concepts. 
Selected  concepts  were  employed  in  the  formulation  of  complete  systems,  for  which 
detailed  performance  analyses  and  evaluations  were  cor-^ucted.  Conclusions  formed  on 
the  basis  of  the  analytical  study  are  presented. 
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I  -  INTRODUCTION 


Techniques  for  the  aerial  delivery,  retrieval,  and  redeployment  of  cargo  and  equipment 
continue  to  acquire  increased  significance  as  a  means  for  providing  the  support  and  neces¬ 
sary  technical  flexibility  in  the  conduct  of  various  types  of  conflicts,  including  limited 
war  and  counterinsurgency  operations,  in  this  respect  the  past  ten  years  have  been  char¬ 
acterized  by  a  rapid  rate  of  growth  in  the  load  carrying  capability  of  military  cargo  air¬ 
craft.  Operational  cargo  aircraft  in  this  category  include  both  the  C-130  and  C-K 1  air¬ 
craft,  which  have  maxi  mum  payload  capabilities  of  45,000  pounds  and  70,000  pounds  re¬ 
spectively.  The  C-5A,  which  is  currently  under  development,  will  have  a  maximum  de¬ 
sign  payload  capability  of  260,000  pounds. 

In  order  to  take  advantage  of  the  heavy  cargo  carrying  capability  of  these  aircraft,  and in 
the  interests  of  providing  a  maximum  degree  of  flexibility  in  the  delivery  and  retrieval  of 
heavier  unit  loads,  developmental  and  flight  test  programs  are  being  continually  implo- 
mented  in  this  area.  To  date  these  programs  have  demonstrated  the  feasibility  of  deliver¬ 
ing  by  airdrop  unit  loads  weighing  over  41,000  pounds.  Lesser  loads,  weighing  up  to 
20,000  pounds,  have  been  delivered  in  ground  proximity  by  parachute  extraction.  Pro¬ 
gram  plansjnclude  ^  .'opment  of  the  means  for  delivery  of  unit  loads  up  to  30,000 
pounds  by  this  methc.  Ground-to-air  retrieval  has  been  demonstrated  with  a  maximum 
payload  weight  of  3000  pounds . 

While  these  programs  have  produced  significant  improvements,  both  in  the  areas  of  cargo 
aerial  delivery  and  ground-to-air  retrieval,  the  maximum  capabilities  of  these  military 
cargo  aircraft,  in  this  respect,  have  not  yet  been  fully  realized,  improved  drop  accuracy 
is  required  of  current  aerial  delivery  techniques  at  the  high  and  of  the  demonstrated  ca¬ 
pability.  The  feasibility  of  aerial  delivery  and  ground-to-aii  retrieval  of  loads  consid- 
erably  heavier  than  those  demonstrated  to  date  has  yet  to  be  investigated.  In  the  inter¬ 
ests  of  obtaining  maximum  utilization  of  operational  aircraft  considered  to  be  in  the 
United  States  Air  Force  inventory  through  the  year  1975,  the  Air  Force  Flight  Dynamics 
Laboratory  established  and  sponsored  the  Study  program  documented  herein.  The  purpose 
of  the  study  is  to  develop  technological  concepts  for  the  aerial  delivery  of  mi!  Story  equip¬ 
ment  in  the  weight  category  between  35,000  and  70,000  pounds  and  to  develop  tech¬ 
niques  for  the  purpose  of  retrieving,  towing,  or  bocrding  into  an  aircraft  in  flight,  ground 
stationed  equipment  in  unit  loads  weighing  from  3000  to  10,000  pounds. 

The  study  assumes  utilization  of  the  C-141  and  the  C-5A  aircraft  for  cargo  aerial  delivery 
and  the  C-130,  C-141,  C-5A  and  a  V/STOL  aircraft  for  the  purpose  of  cargo  ground-to- 
air  retrieval.  To  insure  comprehensive  results,  an  operations  research  approach  is  em¬ 
ployed  early  in  the  study  to  provide  guidance  in  the  classification  and  compilation  of  air¬ 
drop  and  retrieval  concepts.  Feasibility  analyses  are  conducted  in  which  the  character¬ 
istics  of  each  concept  are  determined  and  compared  to  the  performance  requirements  in 
each  phase  of  the  delivery  and  retrieval  sequence.  The  most  promising  systems  are  se¬ 
lected  and  subjected  to  a  detailed  analysis  to  project  performance  capabilities  in  terms  of 
pertinent  system  parameters .  Data  obtained  from  these  analyses  are  utilized  in  conjunc¬ 
tion  with  analyses  of  system  operational  characteristics  to  permit  an  evaluation  of  the  se¬ 
lected  delivery  and  retrieval  systems.  A  cost-effectiveness  study  is  conducted  to  establish 
the  relative  value  of  cargo  retrieval  by  fixed  wing  aircraft  in  comparison  with  VTOL  air¬ 
craft.  Major  resuits  and  implications  of  the  study  are  summarized  and  conclusions  are 
presented . 
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It  -  AERIAL  DELIVERY  SYSTEMS 


CRITERIA  FOR  CONCEPT  CLASSIFICATION 


The  systematic  investigation  of  aerial  delivery  system  concepts  requires  a  set  of  logical 
criteria  for  description  and  classification  of  the  various  possible  concepts.  As  a  preface 
to  the  development  of  these  criteria/  definl  Hons  are  giver*  for  the  fundamental  terms  which 
are  used,  along  with  un  outline  of  the  leg!':  under  which  combinations  of  these  terms  are 
accepted  or  rejected  In  the  concept  formulation  process. 

Operational  Phases 

Reduced  tie  fundamental  physical  terms,  the  basic  functions  which  must  be  performed  by  cm 
acrid  delivery  system  involve  the  imparting  of  a  sequence  of  metered  and  timed  impulses 
to  the  drai?  cargo  such  that  its  velocity  Is  charged  from  the  airplane  flight  speed  to  zero 
during  the  time  period  the  cargo  is  displaced  f/om  the  airplane  to  the  target  drop  point  on 
the  ground.  The  magnitude  of  the  total  impulse,  which  is  the  sum  of  tire  individual  impul¬ 
ses  in  the  sequence,  depends  an  the  drop  conditions  as  expressed  in  terms  of  flight  speed 
and  drop  altitude  and  on  the  type  of  trajectory  desired  for  the  drop  cargo. 

From  an  analytical  standpoint.  It  Is  advantageous  to  associate  the  various  Impulse  incre- 
went#  In  the  sequence  with  distinctly  different  operational  phases.  These  phases  are  ex¬ 
traction,  descent,  recovery  and  impact. 


The  Extraction  Phase  comprises  ail  events  which  occur  while  the  cargo  maintains  direct 
physical  conlacFwIth  th®  airplane  Into  which  it  originally  was  loaded. 

The  Descent  Phase  coven,  all  events  occurring  from  the  end  of  the  extraction  phase  until 
such  time  as  devices  are  activated  for  Hie  express  purpose  of  reducing  the  cargo  velocity 
to  a  tolerable,  specified  ground  impact  value. 


Th©  Recovery  Phase  comprises  all  events  associated  with  reduction  of  the  vertical  com¬ 
ponents  oftnocargo  velocity  to  a  specified,  tolerable  Impact  value.  It  terminates  upon 
ground  contact  of  the  ctsrgo  or  the  diock-dbsarblng  device  provided  fer  the  cargo.  It 
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operation  of  pre-impact  velocity-reducing  systems. 


Under  certain  operational  conditions  (e.g*,  in  very  low  altitude  airdrop  situations)  the 
descent  and  recovery  phases  tend  to  coalesce  into  a  single  phase. 


The  Impact  Phase  comprises  all  events  which  occur  between  the  first  instant  of  physical 
gnaundcontactof  shock  aVorblrtg  devices  attached  to  the  cargo  and  the  Instant  at  which 
•he  cargo  has  coma  to  rest  on  the  ground. 


Reaction  Modes 

The  Impulse  Increment#  associated  with  each  of  the  operational  phases  are  generated  by 
action  ferae?  having  their  points  or  application  boated  at  the  cargo.  From  a  concept 
classification  standpoint,  analysis  of  me  behavior  of  file  action  forces  is  unprofitable, 
since  the  result#  of  such  an  analysis  at  best  only  would  icad  to  a  classification  of  cargo 
trajectories. 


A  set  of  workable  classification  principles  can  however  be  derived  From  answers  to  the  fol¬ 
lowing  questions* 

o  Where  is  the  reaction  to  the  impulse-generating  action  force  generated 
o  How  h  the  reaction  force  itself  generated 

o  What  are  the  characteristics  of  the  Sink  which  connects  the  reaction  force  generating 
source  with  the  point  of  application  of  the  action  force 

In  order  to  avoid  ambiguity  in  the  derivation  of  classification  principles,  the  following  con¬ 
vention  was  adopted? 

The  term  "reaction  force"  Is  only  used  in  conjunction  with  the  reaction  force  gene¬ 
rating  source.  At  all  other  points  along  the  load  paths  of  the  system,  the  forces 
are  considered  to  be  "action  forces"  whether  these  load  paths  term  mate  at  the  cargo 
or  not. 

In  the  following,  the  derivation  and  coding  of  classification  principles  an  the  basis  of  this 
approach  will  be  outlined  in  deteii. 

Location  of  the  Reaction  Points?  There  are  only  four  possible  separate  and  conceptually 
dfifferenf  locatiohsTor  areacfion  force  generating  source. 

They  are? 

o  The  airplane  from  which  the  cargo  k  dropped 
o  The  air 
o  Impulse  propellant 
o  The  ground 

The  first  of  these  is  self  explanatory. 

The  second,  characterizes  all  concepts  wherein  the  reaction  to  the  impulse-generating  force 
acting  on  the  drop  cargo  ultimately  is  transmitted  to  the  surrounding  air  by  whatever  means, 
except  through  the  airplane  initially  carrying  the  drop  cargo. 

“impulse  propellant"  character  tees  all  concepts  relying  on  the  reaction  of  high  speed  jets 
for  generation  of  the  impulse  increment. 

Finally,  "The  ground, "  characterizes  call  concepts  in  which  the  cargo  impulse  increment  is 
generated  by  forces  whose  reactions  ultimately  are  transferred  to  specific  locations  on  the 
ground. 

Origin  of  Reaction  Forces?  The  next  step  in  the  derivation  of  classification  principles  is 
concerned  wltMheclifforant  ways  in  which  thpypaction  forces  can  bo  generated. 

'•  ,~f.f 

A  convenient  point  of  departure  for  this  examination  is  afforded  by  the  fact  that  imparting 
various  impulse  increments  to  the  drop  cargo  implies  the  performance  of  associated  amounts 
of  meefsan; cal  work.  It  is  a  basic  principle  of  physics  that  the  performance  of  mechanical 
work  Involves  the  transformation  of  energy  from  cm  font!  to  one  or  several  other  forms.  A 
broad  classification  can  be  obtained  by  noting  that  certain  energy  forms  are  available  as 
part  of  the  natural  environment  for  alj,  operational  phases.  All  other  energy  forms  must  be 
provided  either  by  means  of  a  subsystem  capable  of  converting  a  naturally  available  energy 
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form  into  hie  desired  one,  or  by  a  subsystem  comprising  both  on  independent energv source 
end  the  means  for  extracting  mechanical  work  from  the  energy  form  contained  in  tho  source. 

The  energy  forms  which  are  naturally  available  throughout  all  operational  phases  are  kinetic 
energy  of  cargo  and  airplane  and  gravitational  energy.  All  other  energy  forms  which  are 
provided  for  conversion  in  order  to  generate  reaction  forces  must  conform  to  the  general  re¬ 
quirement  of  being  available  in  latent  form . 

The  various  principles  for  generating  reaction  forces  by  means  of  conversion  of  available 
basic  energy  forms  are  illustrated  in  Figure  i .  Conversion  of  kinetic  energy  for  die  pur¬ 
pose  of  generating  reaction  forces  can  occur  in  three  basically  different  ways: 

o  Aerodynamic  action 

o  Sliding  friction  action 

o  Mechanical  deformation  action 

In  the  aerodynamic  action  mode,  a  pressure  field  is  generated  by  interaction  of  an  aero¬ 
dynamic  shape  with  a  fluid  in  motion.  The  reaction  force  is  generated  by  the  aerodynamic 
shape  itself  which,  accordingly,  defines  the  location  of  *hs  reaction  point.  Useful  work 
is  performed  on  the  cargo  by  forces  transmitted  to  if  by  whatever  structural  mectnsare  used 
to  connect  the  aerodynamic  shepe  with  the  cargo  including  configurations  which  also  in¬ 
volve  the  airplane.  Energy  is  dissipated  at  a  rate  which  depends  on  the  magnitude  of  the 
reaction  force  and  the  rate  of  motion  of  the  aerodynamic  shop?/  in  a  reference  frame  at  rest 
relative  to  the  fluid . 

In  the  sliding  friction  action  mode,  a  reaction  point  must  be  provided.  The  reaction  point 
can  be  ffxea  either  relative  to  the  cargo,  or  relative  to  the  inertial  reference  frame  in 
which  the  cargo  is  moving.  The  amount  and  rate  of  energy  dissipation  is  equal  to  the 
amount  and  rate  of  useful  work  performed  on  the  cargo. 

In  the  mechanical  deformation  action  mode,  a  reaction  point  must  again  be  provided,  fixed 
either  relative  to  the  cargo  or  relative  to  the  inertial  reference  frame  in  which  the  cargo  is 
moving.  The  reaction  Vce  performs  work  which  will  either  be  dissipated  by  inelastic  de- 
forma!  ions  or  which  will  be  stored  a* elastic  strain  energy  in  the  case  of  elastic  deformation. 
Storing  of  elastic  energy  can  be  utilized  to  increase  the  impulse  increment  provided  by  the 
energy  conversion  mode. 

Conversion  of  gravitational  energy  can  be  used  to  generate  reaction  forces  in  only  tv/o 
basically  different  ways: 

o  Buoyancy  action 

o  Direct  action 

in  the  buoyancy  action  mode,  both  the  reaction  point  and  the  reaction  force  reside  In  tho 
buoyant  body.  Action  forces  must  be  transmitted  to  the  cargo  by  structural  connections. 
Tho  useful  work  done  Is  stored  as  potential  energy  in  the  buoyant  body. 

In  the  direct  action  mode,  a  reaction  point  must  be  provided  permitting  a  component  of 
th©  cargo  weight  to  furnish  tho  required  impulse  increment. 

Conversion  of  latent  energy  to  provide  the  reaction  force  can  occur  in  either  of  two 
basically  different  ways: 


Figure  1  -Reoctlcn  Force  Generoting  Principles 


continued 


o  Impulse  action 
o  Direct  action 

In  the  Impulse  action  mode,  the  latent  energy  Is  converted  to  kinetic  energy  in  a  working 
medium  which  may  include,  but  is  not  limited  to,  combustion  gases  produced  in  the  con¬ 
version  process.  The  impulse  action  mode  includes  conversion  processes  leading  to  shaft 
power  input  on  a  propeller  or  rotor  shaft  causing  transmission  of  kinetic  energy  to  air  in¬ 
fluenced  by  the  propeller  or  rotor.  The  reaction  point  is  defined  by  the  location  of  the 
device  which  performs  the  final  conversion  to  working-medium  kinetic  energy. 

The  direct  action  mode  requires  a  specific  location  of  the  reaction  point  from  which  mech¬ 
anical  work  is  performed  on  the  cargo  by  such  means  as  are  most  convenient  and  efficient  for 
converting  the  type  of  latent  energy  under  consideration. 

Figure  2  presents  a  summary  of  the  various  available  energy  conversion  principles  along 
with  the  constraints  on  reaction  point  locations.  There  are  two  types  of  constraints.  One 
type  is  associated  with  the  energy  conversion  principle  and  fixes  the  reaction  point  loca¬ 
tion  in  the  conversion  device,  as  explained  above.  The  other  type  is  associated  with 
operational  aspects  and  limits  the  selection  of  reaction  point  location  from  operational 
standpoints. 

Force-link  characteristics:  The  force  link  characteristics  are  tied  intimately  to  the  physi¬ 
cal  contlguration  of  particular  systems.  In  order  to  retain  a  sufficient  level  of  generality 
of  the  derived  classification  principles,  it  was  necessary  to  constrain  the  considerations  to 
simple  characteristics  of  the  network  through  which  the  action  forces  are  distributed  from 
the  reaction  force  generating  source.  These  can  be  expressed  in  terms  of: 

o  Action  force  load  path  branching 

o  Action  force  effectiveness  ratio 

The  first  characteristic  expresses  the  property  of  the  concept  that  the  reaction  force  may  be 
opposed  by  several  components  of  action  force,  each  being  transmitted  along  its  own  load 
path  which  need  not  terminate  at  the  cargo.  The  second  characteristic  can  be  expressed 
numerically  as  the  ratio  between  the  magnitudes  of  the  action  force  component  applied  to 
the  cargo,  and  the  total  reaction  force. 

In  a  sum,  the  force-link  characteristics  represent  an  efficiency  index  whose  basic  value  may 
change  in  steps  between  different  concepts  depending  on  the  extent  of  action  force  load  path 
branching,  and  continuously  between  different  systems  within  the  same  concept  group  depend¬ 
ing  on  the  variations  in  action  force  effectiveness  achieved. 

Classification  according  to  the  principles  derived  above  from  consideration  of  force-link 
characteristics  are  in  general  only  applicable  when  a  concept  has  been  spelled  out  in  con¬ 
siderable  systematic  detail.  For  this  reason,  and  also  because  the  classification  charac¬ 
teristics  according  to  these  principles  are  rather  synomymous  with  the  relative  values  of 
system  weight  ratio  (system  weight/cargo  weight)  they  are  not  included  in  the  general  con¬ 
cept  classification  system. 


Figure  2  -  Energy  Convenion  Principle*  and  Con*traint«  on  Reaction  Point  Location* 


j4gntif.cQt.onond  codinfl  of  reaction  modes:  The  information  contained  in  Figure  2  nos 

^  reaironped  as  sho^,  >n  Figure  3.  In  this  figure,  a  specific  reaction 
mod _  is  defined  as  a  combination  of  one  or  more  energy  conversion  principles  with  specific 
reaction  point  locations.  The  combinations  were  assigned  arbitrary  code  numbers  in  order 
to  simplify  the  analytical  manipulations  presented  subsequently.  In  Figure  3,  a  distinction 
was  drawn  between  a  "pore"  aerodynamic  conversion  principle  and  a  mixed  principle  in¬ 
volving  both  aerodynamic  and  buoyancy  devices.  The  reason  that  the  buoyancy  principle 
is  presented  only  in  combination  with  aerodynamic  energy  conversion  is  that  in  practical 
explications,  a  significant  amount  of  motion  of  the  buoyant  body  must  be  expected.  The 
aerodynamic  energy  conversion  associated  with  this  motion  can  be  expected  to  contribute 
significantly  to  the  magnitude  of  total  reaction  force  generated. 


The  kinetic  friction  and  .mechanical  deformation  principles  were  combined  as  one  reaction 
mode,  since  both  derive  the  reaction  force  from  kinetic  energy  conversion,  and  both  ore 
constrained  to  reaction  point  locations  on  the  ground  for  aerial  delivery  concepts. 


Concept  Classification  Matrix 

If  the  assumption  is  made  that  each  of  the  five  reaction  modes  shown  in  Figure  3  can  be 
utilized  singly  or  in  combination  with  one,  two,  or  all  four  of  the  remaining  reaction  modes 
in  all  operational  phases  of  the  drop  sequence,  a  generating  matrix  for  all  possible  groups 
of  airdrop  system  concepts  can  be  established  as  shown  in  Figure  4.  These  concept  groups 
can  be  considered  as  the  trunks  of  a  number  of  concept  family  trees.  The  limbs  and  branches 
for  each  family  tree  will  emerge  from  consideration  of  various  available  means  for  generat¬ 
ing  the  reaction  forces  along  with  different  configurations  of  the  action  force  transmission 
paths. 


The  total  number  of  different  possible  airdrop  concept  groups  is  923,521 . 


In  order  to  reduce  this  formidable  array  of  concept  groups  to  a  manageable  size,  a  search 
has  been  made  for  a  set  of  generally  applicable  exclusion  principles.  These  principles  would 
serve  to  Identify  and  reject  matrix  element  combinations  which,  in  conjunction  with  speci¬ 
fied  drop  conditions,  would  lead  to  one  of  the  following  consequences: 


o  Requirements  for  transgression  of  the  state-of-the-art  with  respect  to  knowledge  of 
physical  laws  and  principles. 

o  Incompatibility  or  conflict  with  currently  accepted  standards  for  safe  cargo  aircraft 
operation. 

o  Requirements  for  transgression  of  the  state-of-the-art  with  respect  to  technological 
applications  of  established  physical  law  and  principles. 

o  Intermittent  subsystem  operation. 

o  Lack  of  operational  flexibility. 


These  rejection  principles  can  be  applied  at  any  level  In  the  analysis,  and  are  characterized 
by  a  decreasing  definiteness  of  their  rejecting  powers.  The  reason  for  this  Is  as  follows: 

The  body  of  known  physical  laws  and  principles  constitutes  a  very  stable  system  which  very 
Infrequently  is  subject  to  modifications  and  changes.  It  is,  therefore,  very  easy  to  decide 
with  confidence  whether  a  particular  matrix  element  combination  satisfies  the  first  rejection 
principle. 
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ENERGY  CONVERSION 

PRINCIPLE 

REACTION  POINT 

LOCATION 

REACTION  MODE  j 
CODE  NO.  1 

i 

Aerodynamic 

The  Air 

0) 

1 

Aerodynamic  and  Buoyancy 

The  Air 

0 

Direct  Action 

The  Airplane 

(3) 

Kinetic  Friction  and/or  Mech 
Deformation 

The  Ground 

(4) 

Impulse  Action 

The  Impulse  Medium 

(5) 

Figure  3  -  Reaction  Mode  Identification  and  Coding 
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1 

REACTION  MODE 

CODE  * 

OPERATIONAL 

PHASE 

0) 

(2) 

!  ! 
(3)  1  (4) 

i 

i 

i 

! 

(5)  i 

! 

i 

i 

1 

i 

! 

i 

EXTRACTION 

i 

DESCENT 

.  .  __| 

» 

RECOVERY 

1 

IMPACT 

i _ 

i 

_ _ — .1 

I 

I 

1  I 

Total  number  of  possible  different  combinations 


r^l 


_ 5I_ 

rl  (5— r)  I 


=  923521 


Figure  4  -  Airdrop  Concept  Clarification  Matrix 


Tl*°  c°ncePf  of  constitutes  safe  cargo  aircraft  drop  operation  is  uitimately  derived  from 
operational  experience' with  proven  systems.  A  particular  system  will  be  assessed  as  safe  if 
it  exploits  a  low  malfunction  rote  in  operation  along  with  fail-safe  features  which  prevent 
occasional  system  malfunctions  from  endangering  the  safety  of  the  aircraft.  Although  mal¬ 
function  rot?s  for  any  system  can  usually  be  reduced  to  acceptably  low  levels  by  concerted 
developmental  efforts,  past  experience  indicates  that  certain  systems  will  never— the  less  be 
lacking  fail-safe  features.  Matrix  element  combinations  which  are  judged  to  exhibit  this 
characteristic  as  an  inherent  property  will  be  rejected. 

Finally,  technological  applications  of  established  physical  laws  and  principles  are  subject  to 
a  more  or  less  continuous  process  of  development  and  refinement,  partly  under  pressure  of 
operational  needs  and  requirements  and  partly  due  to  individually  exercised  curiosity  and 
inventiveness.  The  acceptance/ rejection  criterion  must,  in  this  case,  be  formulated  in  terms 
of  probability  of  achieving  the  required  state-of-the-art  advances  within  a  stated,  sufficiently 
short,  time  span.  A  judgment  of  this  nature,  however  correct  when  initially  made,  must  be 
subject  to  periodic  reviews. 

The  next  step  is  to  examine  the  total  number  of  basic  concept  groups  in  the  light  of  the  accep¬ 
tance/rejection  criteria  outlined  previously. 

For  that  purpose,  two  matrices  are  prepared.  One  of  these  pertains  to  concept  combinations 
suitable  for  drop  al  titudes  ^  10  feet,  while  the  other  pertains  to  concept  combinations 
suitable  for  drop  altitudes  >  10  feet.  This  altitude  was  selected  as  a  discriminating  value, 
since  it  corresponds  to  a  free  fall  Impact  velocity  of  s*  26  feet-per-second. 

Results  of  this  filter  process  carried  out  in  Tables  I  and  II  are  shown  in  Figure  5,  where  re¬ 
jected  matrix  element  combinations  are  crossed  out.  Application  of  this  filter  brings  the 
number  of  physically  possible  concept  family  trees  down  to  225 .  This  number  is  still  exces¬ 
sive,  as  It  includes  a  number  of  combinations  which  do  not  allow  for  the  fact  that  the  various 
operational  phases  must  follow  one  another  in  a  regular  sequence.  By  taking  this  fact  into 
consideration,  the  following  logical  rule  is  obtained  for  generating  concept  font)  ly  trees  by 
combination  of  matrix  elements: 


An  Impulse  reaction  i.^ode  used  In  any  concept-generating  combination  must  appear  in  the 
'earliest  operational  phase  where  it  Is  applicable,  except  from  the  extraction  phase,  and 
nripst  be  assumed  active  throughout  its  entire  range  of  applicability. 

This  rule  prevents  formation  of  obviously  nonsensical  combinations  which  would  permit  Inter¬ 
mittent  appearances  of  a  particular  impulse  reaction  mode  in  a  sequence  of  operational 
phases. 

Reference  1  directs  the  scope  of  the  study  toward  Investigation  of  concepts  possessing  the 
needed  technical  flexibility  to  comply  with  a  broad  range  of  operational  situations.  This 
requirement  serves  to  eliminate  from  further  study  all  concepts  which  can  operate  only  un¬ 
der  very  specialized  conditions.  Typical  6f  concepts  within  this  category  are  those  relying  on 
fixed  ground  installations  for  performing  the  necessary  functions  in  the  various  operational 
phases,  particularly  when  ground-basea  extraction  equipment  Is  utilized.  Also  included  in 
this  category  are  concepts  requiring  obstacle-free  approach  and  departure  paths  approximating 
airport  dimensions  for  me  drop  zone. 


13 


Figure  5  -  Screened  Concept  Clarification  Matrix 
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Impact 


TABLE  I  (Cont'd) 


TABLE  II 

IMPULSE  REACTION  MODE  COMBINATION  FILTER  (h  >  10  feet) 


Results  of  the  application  of  these  screening  criteria  are  shown  in  Figure  6.  Each  column  in 
the  matrix  identifies  the  basic  features  of  a  large  family  or  group  of  related  airdrop  system 
concepts.  There  are  In  all  21  such  groups,  sub-divided  into  3  basic  groups,  which  have 
been  assigned  the  arbitrary  basic  group  numbers  01,  02  and  03.  Basic  group  no.  01  contains 
all  concept  groups  which  achieve  cargo  extraction  as  a  result  of  some  form  of  aerodynamic 
reaction. 

Basic  group  no.  02  contains  ail  concept  groups  achieving  cargo  extraction  by  means  of  some 
form  of  direct  action  force  reacted  in  the  airplane,  and  basic  group  no.  03  contains  all  con¬ 
cepts  utilizing  a  combination  of  aerodynamic  reaction  and  airplane-reacted  direct  action 
force  for  cargo  extraction. 

Within  each  basic  group,  individual  concept  groups  have  been  assigned  arbitrary  numbers 
ranging  from  1  through  7.  Inspection  of  Figure  6  reveals  that  corresponding  group  numbers 
for  each  of  the  basic  groups  possess  identical  reaction  made  combinations  for  the  descent, 
recovery  and  impact  phases.  This  implies  that  the  number  of  essentially  different  concept 
groups  is  reduced  to  7,  when  conceptual  differences  in  reaction  modes  for  the  extraction 
phase  along  with  differences  between  concepts  in  the  action  force  linkage  are  disregarded. 

Criteria  for  Concept  Selection 

The  very  large  number  of  logically  possible  concepts,  each  containing  varying  numbers  of 
systems  exhibiting  different  conceptual  realizations  of  the  reaction  mode  combinations  char¬ 
acterizing  the  particular  sub-group,  precludes  an  exhaustive  analysis  of  all  possible  con¬ 
cepts.  However,  if  attention  is  focussed  initially  on  selected  specimens  from  the  least  com¬ 
plex  concept  groups,  information  will  be  gained  which  can  be  carried  over  into  the  evalua¬ 
tion  of  more  complex  systems.  A  further  argument  in  favor  of  this  approach  is  based  on  the 
generally  accepted  fact  that  an  increase  in  complexity  Is  justified  only  when  necessary  to 
correct  performance  deficiencies  inherent  in  systems  of  lesser  complexity. 

This  argument  was  used  to  exclude  tethered  concepts  such  as  the  "LAAD"  and  the  "Trolley" 
concepts  which  are  characterized  by  poor  force-l!nJ<  characteristics  compared  with  the 
simpler  basic  systems. 
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cept  Group  No. /React  ion  Mode  Combination 


Figuie  6  -  Airdrop  System  Concept  Classification  Groups 


FORMULATION  OF  CONCEPTS 


The  classification  system  developed  in  the  previous  section  was  used  as  a  guide  to  compile 
concepts  for  performing  the  functions  required  in  the  various  operational  phases  of  an  airdrop 
sequence.  The  compilation  wasbased  on  the  literature  survey  and  analysis  conducted  earlier 
in  the  study  by  study  team  members  and  isof  a  sampling  rather  than  of  an  exhaustive  nature. 
A  separate  listing  of  conceptual  ideas  whichonly  differ  in  the  matterof  minor  technical  de¬ 
tail  was  avoided.  The  principal  purpose  was  to  achieve  complete  coverage  of  the  spectrum 
of  classification  groups  presented  in  the  previous  section. 

The  results  of  the  compilation  are  shown  tabulated  in  Table  ! i I . 

A  few  observations  can  be  made  on  the  formation  of  complete  concepts  by  combination  of 
subsystem  concepts  for  the  various  successive  operational  phases: 

o  Where  a  particular  reaction  mode  combination  is  applicdble  in  several  successive 
operational  phases,  considerations  of  system  simplicity  and  weight  economy  will 
tend  to  favor  concepts  which  permit  the  functions  in  all  operational  phases  con¬ 
cerned  to  be  performed  by  the  same  components.  In  addition,  for  a  combination 
of  different  subsystems  to  be  competitive,  the  added  concept  complexity  must  be 
offset  by  real  improvements,  either  in  performance  or  in  added  operational  flexi¬ 
bility. 

o  For  the  range  of  drop  altitudes  considered  in  this  study,  selection  of  particular 
impact  phase  subsystem  concepts  has  a  negligible  influence  on  the  selection  of 
subsystem  concepts  for  any  of  the  earlier  operational  phases.  The  essential  char¬ 
acterization  of  a  complete  airdrop  concept  is  accordingly  described  by  specifi¬ 
cation  of  the  subsystems  for  the  extraction,  descent,  and  recovery  phases. 
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FORMULATION  OF  AERIAL  DELIVERY  CONCEPTS 


ANALYSIS  OF  CONCEPT  FEASIBILITY 


To  provide  a  basis  for  the  selection  of  optimum  concepts  for  complete  aerial  delivery  systems, 
the  concepts  formulated  in  the  previous  section  are  analyzed  with  respec*  to  the  following 
operational  phases: 

o  Extraction 
o  Descent  and  Recovery 
o  Impact 

The  results  for  the  concepts  are  presented  in  the  order  outlined  in  Table  III.  Each  conceptis 
analyzed  only  to  the  depth  necessary  to  assess  concept  feasibility.  Promising  concepts  are 
investigated  in  somewhat  greater  detail  to  permit  comparison  with  other  candidate  concepts. 

In  the  final  part  of  this  section,  concept  characteristics  are  summarized  and  evaluated.  Based 
on  these  evaluations,  concepts  are  selected  for  each  phase,  and  two  complete  aerial  delivery 
systems  are  formulated . 


Extraction  Phase 


The  extraction  phase  of  aerial  delivery  comprises  all  events  which  occur  while  the  cargo 
maintains  direct  physical  contact  with  the  airplane  into  which  it  was  originally  loaded. 
Characteristic  of  the  extraction  phase  is  a  requirement  for  the  generation  of  large  forces  to 
accelerate  the  cargo  at  a  high  rate.  Physical  systems  compatible  with  extraction  phase  re¬ 
quirements  may  utilize  forces  derived  from  a  stored  energy  source,  gravitational  interactions, 
or  aerodynamic  interactions. 

The  basic  requirement  of  a  system  intended  for  cargo  extraction  is  the  capability  of  acceler¬ 
ating  the  cargo  at  a  rate  compatible  with  constraints  imposed  by  operational  characteristics 
of  the  aircraft.  A  complete  analysis  of  aircraft  limitations  is  pr3sented  in  Appendix  A  for 
the  employment  of  C-141  and  C-5A  aircraft  in  the  aerial  deliver/  of  payloads  in  the  35,000 
to  70,000  pound  range.  Since  requirements  for  extraction  from  the  C-141  are  significantly 
more  stringent  than  those  related  to  the  C-5A,  feasibility  analyses  of  candidate  extraction 
systems  are  based  on  these  requirements.  Figure  7  shows  minimum  average  values  of  extrac¬ 
tion  load  factor  required  to  hold  the  airplane  pitch  response  below  the  2.5  flight  load  factor 
level  as  a  function  of  aircraft  velocity  and  cargo  weight.  The  minimum  required  extraction 
load  factor  boundaries  increase  markedly  with  increasing  flight  speed  and  increasing  cargo 
weight. 

In  addition  to  specific  operational  requirements,  there  are  a  number  of  operational  charac¬ 
teristics  which  are  desirable  in  cargo  extraction  systems.  Such  characteristics  include  mini¬ 
mization  of  the  following  quantities: 

o  System  weight 
o  System  volume 
o  Modification  of  aircraft 

in  the  feasibility  analyses  which  follow,  evaluation  of  candidate  extraction  concepts  is  based 
on  comparisons  of  weight,  volume,  and  operational  characteristics  for  systems  capable  of  sat¬ 
isfying  minimum  extraction  load  factor  requirements. 
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Inclined  Plane 


%-T-r5-  “  Tf?e  Tcl,,?ed  P*ane  concept  for  cargo  extraction  utilizes  a  reaction  force  gener¬ 
ated  by  gravitational  action.  Extraction  is  achieved  by  changing  the  aircraft  pitch  atti¬ 
tude  to  provide  a  rearward-downward  inclination  of  the  cargo  floor  along  which  the  cargo 
is  accelerated  to  the  exit. 

Results  and  Conclusions  -  Employment  of  this  concept  is  restricted  to  aircraft  speeds  greater 
than  166  knots  for  35,000-pound  cargo  loads  and  to  speeds  greater  than  191  knots  for  50,000- 
pound  loads.  Cargo  weights  of  70,000  pounds  cannot  be  extracted  by  this  method.  Due  to 
the  limited  range  of  applicability,  this  concept  is  not  considered  to  be  suitable  for  cargo  ex¬ 
traction  except  as  a  possible  emergency  jettison  technique. 

Analysis  -  The  inclined  plane  concept  was  investigated  for  application  to  the  C-141  aircraft. 
Application  of  this  concept  is  limited  by  the  elevator  control  power  required  to  counteract 
the  upsetting  pitching  moment  generated  by  the  displacement  of  the  drop  cargo  during  extrac¬ 
tion.  The  pitching  moment  is  represented  by  pitching  moment  coefficient  increments.  The 
elevator  pitch  control  is  given  by  a  constant  value,  3  =  -  .520  (Reference  2)  repre¬ 

senting  the  change  in  airplane  pitching  moment  coefficient  by  elevator  deflection  from  the 
up  elevator  angle  required  to  trim  out  a  stall  angle  of  attack,  or  design  load  factor,  to  a  full 
down  position. 

The  upsetting  pitching  moment  coefficient  increment  due  to  cargo  displacement  is 


n  •  W  •  £  x 
_ c 

q  .  S  *  c 
^  w 


0) 


where  n  is  the  trimmed  flight  load  factor  at  cargo  release  and  A  x  is  the  maximum  displace¬ 
ment  of  the  cargo  during  extraction. 

Results  of  the  investigation  are  shown  in  Figure  132  of  Appendix  A.  The  concept  can  be  used 
only  at  speeds  where  the  elevator  pitching  moment  coefficient  increment  numerically  equals 
or  exceeds  the  upsetting  pitching  moment  coefficient  increment.  As  shown  in  Figure  132, 
this  restricts  operation  of  this  concept  to  speeds  greater  than  166  knots  for  35,000-pound  cargo 
weights  and  to  speeds  greater  than  191  knots  for  50,000-pound  cargoes.  Cargo  weights  of 
70,000  pounds  cannot  be  extracted  by  this  method. 

The  lower  set  of  curves  in  Figure  132  shows  the  gross  extraction  load  factors  obtainable  with 
this  concept.  The  values  shown  do  not  include  effects  of  rolling  or  sliding  friction  of  the 
drop  cargo. 

Due  to  limited  range  of  applicability,  this  concept  is  not  feasible  for  any  application  other 
than  emergency  cargo  jettison. 

Catapult 

General  -  The  catapult  extraction  concept  utilizes  a  power  unit  or  energy  storage  device  with 
appropriate  linkage,  push  rod,  screw,  or  cable  mechanisms  to  apply  force  to  the  cargo  end 
accelerate  it  along  the  cargo  floor  and  out  of  the  aircraft.  Figure  8  illustrates  a  representa¬ 
tive  system. 
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Results  and  Conclusions  -  Satisfaction  of  tne  minimum  extraction  load  factor  requirement  of 
>  ex*rac*'on  °f  Q  70/  000-pcund  cargo  from  the  C-141  requires  a  power  source  of  about 
9300  horsepower .  It 's  estimated  that  the  weight  of  such  a  power  source  arvd  the  associated 
power  transfer  mechanism  would  be  on  the  order  of  14,000  pounds.  For  catapults  designed 
for  employment  in  low  altitude  delivery  systems,  in  which  the  cargo  is  extracted  at  high  ve¬ 
locity  and  allowed  to  fall  without  vertical  retardation,  power  and  weight  requirements  are 
Higher  by  a  factor  of  about  20  than  those  described  above. 

Catapults^  are  not  considered  to  be  suitable  for  use  in  the  extraction  of  heavy  cargo  loads  due 
to  excessive  power  requirements,  excessive  weight  requirements,  and  the  requirement  for 
major  modification  of  the  aircraft. 

Analysis  -  The  power  necessary  to  accelerate  a  weight  W_  at  a  constant  rate  ne*  g  for  a  dis¬ 
tance  x  is  given  by 

p  =  Wc  *  f»e  \/2  •  n  •  g  *  x  (2) 

In  the  extraction  of  a  70,000-pound  cargo  from  a  C-141,  a  minimum  of  1 .2  is  required. 

The  distance  over  which  the  cargo  is  accelerated  is  approximately  50  feet.  Under  these  con¬ 
ditions,  a  catapult  power  source  of  9300  horsepower  is  required. 

Without  restricting  the  catapult  extraction  concept  to  a  specific  design,  it  is  difficult  to  es¬ 
tablish  an  accurate  system  weight.  However,  it  is  not  unreasonable  to  assume  a  ratio  of  1 .5 
pounds  per  horsepower  for  a  catapult  power  source  and  the  associated  power  transfer  mech¬ 
anism.  On  this  basis,  the  extraction  system  weight  is  approximately  14,000  pounds,  exclud¬ 
ing  weight  added  by  the  structural  moaification  of  the  aircraft.  This  weight  requirement  does 
not  compare  favorably  with  that  of  parachute  extraction  systems  in  common  use. 

Requirements  for  catapult  extraction  systems  designed  for  low  altitude  aerial  delivery  ore 
much  more  stringent  than  those  described  above.  For  an  aircraft  velocity  of  220  feet/second 
and  a  residual  cargo  velocity  of  50  feet/second  after  extraction,  an  average  extraction  load 
factor  of  8-.9  is  required .  In  this  system,  the  catapult  power  source  must  be  capable  of  a 
192,000  horsepower  output.  The  system  weight  corresponding  to  such  an  extraction  system  is 
on  the  order  of  300,000  pounds.  These  power  and  weight  requirements  are  obviously  not  com¬ 
patible  with  aerial  delivery  operations. 

Parachute 

General  -  The  operation  of  parachute  cargo  extraction  systems  is  based  on  a  reaction  force 
generated  by  aerodynamic  action.  Drag  forces  obtained  by  trailing  one  or  more  parachute:, 
of  the  required  size  from  the  delivery  aircraft  are  used  for  cargo  extraction.  Parachute  ex¬ 
traction  systems  have  been  employee  for  the  extraction  of  cargo  weights  up  to  42, (XX)  pounds 
(Reference  3) . 

Results  and  Conclusions  -  A  70,000-pound  cargo  can  be  extracted  from  a  C-141  using  one 
73-foot  diameter  ring-slot  parachute  or  three  35-fbot diameter  ring-slot  parachutes.  Weight 
of  the  complete  parachute  extraction  system  for  this  cargo  weight  is  about  700  pounds.  Para¬ 
chute  extraction  systems  are  feasible  for  use  over  the  complete  range  of  cargo  weights  con¬ 
sidered  in  this  stuay. 

Analysis  -  For  aerodynamic  drag-g  aerating  devices,  the  peak  value  of  the  extraction  load 
factor  may  be  appreciably  higher  the  >  the  average  value  for  the  deceleration  period.  The 


28 


farto  of  maximum  to  average  load  factor  is  given  by 
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Figure  9  illustrates  the  relation  between  n  /fi  and  A  v/v  .  The  ratio  of  peak-to-aver- 

max  e  a 

age  load  factor  provides  a  basis  for  the  sizing  of  cny  aerodynamic  drag-generating  device 
used  for  cargo  extraction. 


The  following  expression  for  the  weight  of  a  parachute  extraction  system,  including  line 
weight,  was  developed  from  the  opening  shock  force  relations  and  parachute  materials  data 
given  in  Reference  4. 
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This  weight  estimation  is  based  on  flat  canopy  parachutes  using  a  drag  coefficient  of  0.75, 
and  allows  for  an  opening  shock  factor  of  2.0  and  a  safety  factor  of  2.195.  It  is  anticipated 
that  other  canopy  configurations  possessing  different  values  of  Cq  and  opening  shock  charac¬ 
teristics  may  be  preferable  for  specific  applications.  However,  for  the  purpose  of  establish¬ 
ing  reference  data  for  comparison  with  other  types  of  cargo  attraction  systems,  the  flat  canopy 
configuration  provides  results  of  sufficient  accuracy.  Values  obtained  through  the  use  of  this 
relation  demonstrate  close  conformity  with  currently  available  weights  data  as  presented  in 
Reference  4.  Figure  10  describes  generalized  extraction  parachute  weights  as  a  function  of 
aircraft  velocity. 

By  using  the  data  presented  in  Figures  7,  9,  and  10,  it  is  possible  to  determine  the  weights 
of  parachute  extraction  systems  for  specific  cargo  weights,  aircraft  speeds,  and  extraction 
load  factors.  Figure  1 1  shows  the  ratio  of  extraction  system  weight  to  cargo  weight  as  a 
function  of  aircraft  velocity  with  cargo  weight  as  a  parameter.  Extraction  system  weights 
shown  in  this  figure  are  those  corresponding  to  minimum  required  average  load  factors  as  de¬ 
scribed  in  Figure  7,  for  a  cargo  floor  length  of  50  feet. 

The  data  presented  in  Figure  11  are  independent  of  the  aircraft  altitude  at  the  time  of  ex¬ 
traction  and  may  therefore  be  utilized  in  conjunction  with  any  combination  of  concepts  for 
the  descent  and  recovery  phases  of  the  aerial  delivery  operation.  As  indicated  by  Figure  11, 
parachute  extraction  system  weight  requirements  are  relatively  modest  throughout  the  range 
of  cargo  weights  under  consideration . 

Extraction  Aircraft 

General  -  The  extraction  aircraft  concept  completes  the  cargo  delivery  operation  in  addition 
to  the  cargo  extraction  function.  This  concept  requires  the  use  of  two  airplanes,  one  to  carry 
the  cargo  to  the  drop  zone  end  the  second  to  extract  and  deliver  the  cargo.  Figure  12  illus¬ 
trates  the  extraction  aircraft  concept. 
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Weight  of  Parachute  &  Lines  -  Pounds 


Figure  12  -  Extraction  Aircraft  Concept 


In  operation,  Airplane  A  carries  the  cargo  to  the  drop  zone.  During  the  approach  to  the 
drop  zone.  Airplane  A  extends  a  drogue  connected  to  the  cargo.  A  probe  on  the  nose  of 
Airplane  B  connected  to  a  line  makes  contact  with  the  drogue,  connects  to  it,  and  detaches 
from  the  nose  to  permit  pivoting  below  the  center-of-gravlty  of  Airplane  B.  At  the  appro¬ 
priate  time.  Airplane  A  accelerates  and  Airplane  B  decelerates,  extracting  the  cargo  from 
Airplane  A  at  the  required  rate.  Under  the  Influence  of  gravity,  the  cargo  drops  earthward, 
swinging  as  a  pendulum  pivoted  at  Airplane  B.  With  the  proper  choice  of  altitude,  airspeed, 
and  line  length,  It  Is  theoretically  possible  to  deliver  the  cargo  to  the  ground  at  zero  velocity. 

Results  anc)  Conclusions  -  For  the  delivery  of  a  70,000-pound  cargo,  the  delivery  airplane 
must  nav®  the  capability  to  support  a  ioad  greater  than  210,000  pounds.  The  maximum  ex¬ 
traction  load  factor  attainable  with  this  concept  is  on  the  order  of  0.5.  Thus,  this  concept 
cannot  bo  employed  when  the  0141  is  to  be  used  as  either  the  cargo  or  the  delivery  aircraft. 
For  those  reasons,  in  addition  to  major  aircraft  modifications  required,  It  is  concluded  that 
such  a  concept  I3  not  compatible  with  aerial  delivery  operations. 

Analysis  -•  Neglecting  aerodynamic  drag  on  the  cargo  and  the  weight  of  the  supporting  line, 
the  tension  In  the  line  Is  given  by 

T  =  3  Wc  sin  9  (6) 

where  0  Is  the  angle  between  the  lino  and  the  aircraft  flight  path.  At  sin  0=1,  when  the 
cargo  reaches  thut  ground,  the  tension  Is  equal  to  three  times  fh©  cargo  weight.  For  a 
70,000-pound  cargo,  the  tension  Is  210,000  pounds.  This  tension  requires  0  1 .5-Inch  di¬ 
ameter  high  strength  cable  and  an  aircraft  with  a  capacity  similar  to  that  of  the  C-5A. 

The  load  carrying  capacity  of  the  C- 141  Is  Inadequate  for  this  operation. 
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If  Is  estimated  that  the  maximum  extraction  load  factor  attainable  due  to  the  relative  accel¬ 
erations  of  the  two  aircraft  Is  approximately  0.5.  Since  a  minimum  load  factor  of  1 .2  is  re¬ 
quired  for  the  extraction  of  a  7 0,000-pound  payload  from  the  C-141,  this  concept  does  not 
permit  use  of  that  aircraft  for  the  cargo  aircraft. 

Thus,  the  extraction  aircraft  concept  requires  the  use  of  two  aircraft  of  the  C-5A  class  for 
the  extraction  and  delivery  of  a  single  cargo  package  in  the  35, 000 pounds  to  70, 000 pounds 
weight  range,  both  aircraft  would  require  modification  to  accommodate  high  concentrated 
loading.  This  concept  is  not  considered  to  be  suitable  for  use  in  aerial  delivery  operations 
involving  drop  cargo  weights  In  the  range  covered  by  this  study. 

Descent  and  Recovery  Phases 

The  descent  phase  of  aerial  delivery  includes  all  events  which  occur  from  the  end  of  the  ex¬ 
traction  phase  until  such  time  as  devices  are  activated  for  the  express  purpose  of  reducing 
the  cargo  velocity  to  a  specified  ground  impact  value.  The  recovery  phase  comprises  all 
events  associated  with  reduction  of  the  cargo  velocity  from  the  descent  value  ro  the  speci¬ 
fied  irhpact  value.  This  phase  terminates  upon  ground  contact  of  the  cargo  or  the  shock¬ 
absorbing  devices  provided  for  the  cargo.  The  recovery  phase  includes  ground  contact  of 
sensing  devices  which  are  used  to  activate  preimpact  velocity-reducing  systems. 

Characteristics  of  systems  suitable  for  use  In  the  descent  and  recovery  phases  are  generally 
similar  and  may  be  identical  under  some  conditions.  Initiation  of  the  recovery  phase  is  pre¬ 
cisely  defined  only  in  aerial  delivery  systems  utilizing  more  than  one  decelerating  stage  or 
system  during  the  cargo  descent.  In  general,  if  a  distinct  recovery  phase  Is  included  in  the 
operation  of  an  aerial  delivery  system,  the  recovery  subsystem  fs  designed  to  decelerate  the 
cargo  at  a  high  rate  immediately  before  ground  impact. 

The  basic  requirement  of  systems  utilized  during  the  descent  and  recovery  phases  is  the  gen¬ 
eration  of  an  impulse  Increment  of  sufficient  magnitude  to  decelerate  the  cargo  to  an  accept¬ 
able  impact  velocity.  The  magnitude  of  the  total  impulse  required  is  a  function  of  the  cargo 
weight,  aircraft  flight  speed  and  altitude,  characteristics  of  the  extraction  system,  and  the 
type  of  trajectory  desired  for  the  cargo.  The  rate  at  which  the  Impulse  is  Imparted  to  the 
cargo  varies  appreciably  among  systems,  but  must  be  applied  In  a  manner  which  satisfied 
cargo  Impact  velocity  requirement. 

Optimum  descent  and  recovery  systems  will  in  general  possess  features  which  tend  to  mini¬ 
mize  the  following  quantities? 

o  System  weight 
o  Sysiem  volume 
o  Required  deployment  altitude 
o  Drop  area  size  requirement 
o  Wind  sensitivity 

o  Sensitivity  to  variations  in  initial  velocity  for  both 
phases 

The  performance  of  any  descent  control  device  is  basically 


the  descent  and  the  recovery- 
determined  by  the  following? 


o  Cargo  weight 

o  Cargo  velocity  upon  initial  activation  of  the  descent  control  device 
©  Terminal ,  or  steady  state  descent  velocity  of  the  drop  cargo  in  the  descent  phase 
o  Altitude  change  during  the  descent  phase 

!n  accordance  with  the  definition  of  operational  phases,  the  initial  conditions  for  the  des¬ 
cent  phase  are  identical  with  the  conditions  prevailing  upon  cargo  exit  from  the  airplane. 
These  conditions  are  determined  by  the  airplane  flight  speed  and  the  acceleration  experi¬ 
ence  of  the  cargo  during  the  @xtr<K:tion  phase. 

For  airplanes  requiring  specific  relations  between  drop  cargo  weight  and  extraction  load 
factor  in  order  to  avoid  exceeding  structural  limitations  In  the  ensuing  flight  load  factor 
excursion,  such  as  the  C-141  airplane  with  drop  cargo  weights  in  the  35,000  -  70,000 
pounds  range,  this  leads  to  a  quite  definite  set  of  relations  between  initial  cargo  descent 
velocity,  airplane  speed  at  cargo  extraction  and  drop  cargo  weight.  This  relation  can  be 
written 

vd  *  v«  "  Ave  *  f  <Wc>  P) 


The  relation  is  illustrated  in  Figure  13,  which  was  prepared  using  data  from  Figure  8.  The 
range  of  possible  initial  velocities  depends  strongly  on  the  cargo  weight  and  decreases  rap¬ 
idly  with  increasing  cargo  weight.  These  data  serve  in  part  to  limit  the  velocity  increments 
associated  with  the  descent  phase.  For  the  purpose  of  this  Investigation,  the  terminal  des¬ 
cent  velocity  was  varied  parametrically  in  order' to  define  a  range  of  possible  velocity 
changes  during  the  descent  phase. 


The  descent  altitude  changes  were  also  varied  parametrically.  For  promising  descent  control 
system  concepts,  the  weight  efficiency  was  evaluated  in  terms  of  the  ratio  W^W,  as  a  func¬ 
tion  of  the  descent  terminal  velocity  vr,  cargo  exit  velocity  v^,  and  cargo  wetght  Wc,  and 

also  as  a  function  of  descent  altitude  change  Ah,  terminal  or  steady  state  descent  velocity 
v^,  and  cargo  weight  W£. 


Recovery  phase  performance  requirements  are  Identified  by  the  following; 


o  Cargo  weight 
o  Initial  velocity  at  recovery 
o  Final  recovery  velocity 
o  Altitude  loss  during  recovery. 


For  the  purpose  of  evaluating  system  weight  efficiency  data  for  the  recovery  phase,  a  fixed 
value  of  25  feet/second  was  selected  fot  the  final  recovery  velocity,  whilo  the  initial  re¬ 
covery  velocity  was  varied  parametrically  along  with  the  cargo  weight. 

Parachute 


General  -  Aerial  delivery  systems  capable  of  satisfactorily  accommodating  cargo  weight*  up 
to35,0Q0  pounds  are  currently  operational .  These  systems  utilise  various  parachute  config¬ 
urations  for  cargo  deceleration  in  the  descent  and  recovery  phasos.  A  singular  advantage  of 
parachutes  is  that  they  are  amenable  to  clustering  as  required  for  the  del  ivory  of  heavy  cargoes. 


35 


Aire. aft  Flight  Speed  -  Knots 


Figure  13  -  Descent  Control  Device  Deployment  Speed  versus 
Aircraft  Flight  Speed  -  C-141  Aircraft 


ape!  Conclusions  -  Using  parachutes  for  cargo  deceleration  in  both  the  descent  and  re- 
KphaSeS;  a  Parachute  system  weight  of  3300  pounds  is  required  for  the  delivery  of  a 
70, 000-pound  cargo  at  an  impact  velocity  of  25  feet/second.  Although  clustering  of  para¬ 
chutes  is  required  for  heavy  cargo  weights,  parachute  systems  are  compatible  with  the  aerial 
delivery  of  cargoes  in  the  35,000  to  70,000-pound  range. 

The  finite  parachute  inflation  time,  which  increases  with  increasing  parachute  size,  and  the 
attendant  altitude  loss  during  the  inflation  period  limits  the  use  of  parachutes  for  final  recov¬ 
ery  of  cargoes  in  this  weight  range  to  drop  altitudes  of  approximately  1200  feet. 

Analysis  -  It  is  not  possible  to  obtain  an  accurate  closed-form  solution  to  calculate  the  weight 
of  parachute  deceleration  systems.  Tnerefore,  a  computer  program  was  developed  to  calcu¬ 
late  the  weight  of  a  single  parachute,  or  a  cluster  of  parachutes,  given  the  payload  weight, 
deployment  speed  and  altitude,  and  terminal  speed.  The  program  also  computes  the  parachute 
filling  time  and  altitude  loss  during  infiction. 

Parachute  weight  ultimately  depends  on  the  amount  of  cloth  and  cord  used,  and  the  type  of 
cloth,  which  is  a  function  of  the  maximum  stress  that  the  material  must  withstand.  The  maxi¬ 
mum  stress  is  usually  expressed  in  terms  cf  opening  shock  factor,  which  is  the  maximum  load 
factor  during  canopy  inflation.  This  shock  factor  is  found  using  the  method  presented  in  Ref¬ 
erence  4,  in  which  the  assumption  is  mode  that  during  inflation  the  drag  area  of  the  canopy 
increcscs  linearly  with  respect  to  time. 

The  following  equations  describe  the  instantaneous  velocity  of  the  cargo-parachute  combina¬ 
tion  and  the  fin$!  filled  volume  of  the  parachute  ier  a  vertical  drop  situation: 


where 


22.5  v 
*  A‘  +  22. 5T 


S'-yT-v2  A’*g*tf 
A’  +  22.5T  +  A'  +  22.5T 


(8) 

(9) 


A'  =  105  Wc/a  gd^ 

B'  =  120<cdW<£ 

c  =  effective  cloth  porosity 
T  =  t/tf 


In  the  solution  of  these  equations,  it  is  necessary  to  assume  a  value  of  tp  numerically  inte¬ 
grate  the  first  equation  to  obtain  v,  and  compare  the  value  of  v  calculated  from  the  second 
equation  with  the  known  canopy  volume.  This  procedure  is  repeated  until  consistent  results 
are  obtained.  The  maximum  load  factor,  (dv/dT)  max,  and  the  parachute  filling  time,  tp 
may  then  be  computed . 
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An  empirical  method  for  determining  the  strength  requirements  of  a  canopy  is  presented  in 
Reference  4.  The  basic  assumption  is  that  the  number  of  gores  equals  the  integral  part  of 

d  f-  3.0.  This  method  has  been  extended  with  the  further  assumption  that  suspension  line 
o 

length  equcis  dQ.  By  using  an  empirical  correlation  of  the  strength  of  nylon  materials  cur¬ 
rently  in  use  with  the  corresponding  material  weight/  the  following  equation  was  derived  to 
determine  the  weight  of  canopy  cloth  and  suspension  lines  for  flat  canopy  parachute  systems: 


W,  =  <- 


6.59  x  10' 


ITT 


-5d2 
o 


+  1 .83  x 


i0-5do)wc  n 


max 


-  1 


(10) 


An  automatic  computer  program  for  numerical  solution  of  these  equations  was  developed,  and 
the  relations  were  explored  parametrically .  This  exploration  covered  weights  data  along  with 
recovery  altitude  losses  during  inflation  from  initial  deployment  as  well  as  from  a  2%  reefed 
condition. 

The  inflation  altitude  losses  were  of  the  order  of  440  feet  .W*  inflation  from  initial  deploy¬ 
ment,  and  425  -  430  feet  for  inflation  from  the  initially  reefed  condition.  The  totai  mini¬ 
mum  altitude  loss  during  descent  and  recovery  was  obtained  by  adding  to  the  inflation  alti¬ 
tude.  loss  main  canopy  deployment  altitude  loss  of  ^  750  feet.  This  increment  allows  for 
canopy  extraction  as  well  as  for  an  alignment  of  cargo  and  canopy  along  a  55°  -  60°  incli¬ 
nation  to  the  horizon. 

Figure  14  describes  the  parachute  system  we'^t  ratio  as  a  function  of  terminal  velocity  with 
cargo  weight  as  a  parameter.  As  indicated  by  this  figure,  parachute  system  weights  are  of 
acceptable  magnitude  for  the  ranges  of  cargo  weights  and  terminal  velocities  under  consider¬ 
ation.  For  example,  the  parachute  system  weight  is  about  3300  pounds  for  the  delivery  of  a 
70,000-pound  cargo  at  a  terminal  velocity  of  25  feet/socond. 


I-/D  Parachute 

General  -  The  L/D  parachute  is  a  self 

to  develop  high  aerodynamic  lift  during  gliding  uescenr.  To  improve  the  aerodyr - -  - 

acteristics,  the  canopy  is  usually  constructed  of  low  porosity  material.  Flaps  or  canopy  de¬ 
flections  can  be  utilized  for  glide  and  turn  control ..  The  general  configuration  of  an  L/D 
parachute  is  shown  in  Figure  15. 


■inflating,  gilding,  and  steerable  parachute  designed 
3  gliding  descent.  To  improve  the  aerodynamic  char- 


Results  and  Conclusions  -  Because  L/D  parachutes  cannot  be  clustered,,  the  single  parachute 
size  becomes  extremely  large  for  the  delivery  of  heavy  payloads.  A  canopy  diameter  of  175 
feet  is  required  to  deliver  a  70,000-pound  cargo  at  an  equilibrium  descent  velocity  of  25 
feet/second .  System  weight  ratios  of  L/D  parachutes  are  somewhat  higher  than  those  for  con¬ 
ventional  paracnutes  for  equal  descent  velocities.  Based  on  these  considerations,  in  addition 
to  tho  higher  complexity  of  L/D  systems,  it  is  concluded  that  L/D  parachutes  offer  no  signif¬ 
icant  advantage  over  conventional  parachute  delivery  systems. 


Afjgjyjh  _  Tt»e  essentia!  features  of  L/D  ixsrachute  ti|Jde  performance  or®  illustrated  by  the 
velocity  diagram  shown  in  Figure  16.  The  length  of  the  radius  vector  from  the  origin  of  the 
graph  to  points  on  the  curve  represents  the  resultant  velocity  along  the  flight  path,  with  hori¬ 
zontal  and  vertical  component  Values  given  along  the  abscissa  end  ordinate  axes  respectively. 
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Vertical  Velocity 


Figure  16  -  Steerable  Parachute  Glide  Relations 
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Four  points  of  major  interest  have  been  denoted  by  Roman  numerals  on  the  curve: 

I  denotes  the  flight  condition  for  max  L/D 
H  denotes  the  flight  condition  for  minimum  descent  veljcity 

HI  denotes  rhe  condition  for  minimum  flight  path  velocity  (C^  -  (C^  +  cd),/2-cr  ) 

max 

IV  denotes,  finally,  the  flight  condition  for  zero  horizontal  velocity  (C^/Cp  -  0) 


Figure  16  is  based  cn  typical  values  for  C ■  ft  and  drag  coefficients  attained  in  model  tests  for 
the  Northrop  Ventura  "Cloverleaf"  type  of  L/D  parachute.  The  data,  as  adjusted  to  a  flight 
path  velocity  of  ~  50  fps,  are  shown  in  Table  IV  below. 

TABLE  IV 

Aerodynamic  Characteristics  of  L/D  Parachute 


Condition 

CL 

CD 

CR 

L/D 

.85 

.5 

.985 

1.73 

CL  =  CL 

may 

.95 

.64 

1.15 

1.48 

L/D  =  0 

0 

.9 

.9 

0 

Tests  with  L/D  parachutes  have  shown  them  capable  of  performing  max  L/D  glides  with  ex¬ 
cellent  stability,  and  also  to  descend  in  the  L/D  =  0  condition  with  moderate  stability. 

Utilization  of  the  glide  performance  capabilities  of  L/D  parachute  delivery  systems  hinges 
critically  on  the  existence  of  a  steering  capability.  This  capability  can  be  achieved  by  a 
turning  control  system  which  aligns  the  glide  path  with  the  desired  direction  of  travel.  Turn¬ 
ing  control  can  be  exercised  by  means  of  either  differentia!  flap  adjustments  or  by  differen¬ 
tial  rip  deflections,  in  addition,  means  for  controlling  the  glide  slope  are  highly  desirable* 
This  type  of  control  can  also  be  arranged,  and  is  achieved  by  either  adjustments  of  symmet¬ 
rically  arranged  flaps  or  simply  by  symmetrical  canopy  deflections. 

The  weight,  of  L/D  parachute  delivery  systems,  exclusive  of  control  gear,  depends  basically 
on  the  forces  experienced  during  the  inflation  period.  These  weight  relations  were  explored 
in  the  same  computer  program  which  v/as  used  for  evaluation  of  conventional  parachutes, 
assuming  that  L/D  parachutes  generally  will  be  deployed  and  inflated  in  the  L/D  =  0  condi¬ 
tion.  In  accordance  with  available  technical  data  on  the  subject,  a  drag  coefficient  of  0.9 
and  a  porosity  of  0.025  was  used  throughout  this  investigation. 

The  parachutes  were  sized  for  35,000,  50,000  ond  70,000  pounds  drop  cargo  weights,  and 

for  descent  velocities  at  L/D  s  (L/Dl  ranging  from  10  to  75  fps.  In  ail  cases  a  velocity 

'max 

at  deployment  of  200  fps  was  assumed . 

Results  of  these  investigations  are  shown  in  Figure  17. 

Comparison  of  Figure  17  with  the  corresponding  data  for  conventional  parachutes  given  in 
Figure  14  Indicates  that  weight  ratios  are  generally  somewhat  higher  for  L/D  parachutes  than 
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Equilibrium  Descent  Velocity  @  L/D  =  (l/D)max  ”  Ft/Sec 
Figure  17  -  System  Weight  Ratio  ~  L/D  Parachute 
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for  conventional  configurations.  For  the  recoveryof  a  70, 000 -pound  payload  at  a  terminal 
vertical  velocity  of  25  feet/second,  the  system  weigh 'ratio  for  a  conventional  parachute  is 
0.047.  For  an  l/D  device  the  weight  ratio  is  0.05  under  maximum  lift  conditions,  with  a 
horizontal  velocity  component  of  41  feet/second. 

Figure  18  siiowt  the  diameter  of  L/D  parachutes  as  a  function  of  terminal  vertical  velocity 
with  cargo  weight  as  a  parameter.  Diameters  up  to  175  feet  are  required  for  recovery  of  a 
70,000-pound  cargo  at  an  equilibrium  descent  velocity  of  25  feet/second  under 
L/D  =  (L/D)  conditions.  Due  to  aerodynamic  considerations  and  control  problems,  L/D 

parachutes  cannot  bo  clustered  for  the  delivery  of  heavy  payloads.  Therefore,'  the  size  of 
individual  parachutes  becomes  quite  large  for  heavy  cargo  weights.  In  addition,  a  larger 
inventory  of  different  size  L/D  parachutes  is  required  to  accommodate  the  varying  payload 
weights,  whereas  a  smaller  number  of  standard  conventional  parachutes  can  be  clustered 
for  a  given  payload . 


Equilibrium  Descent  Velocity  @  L/D  =>  (t/D)^^  "  Ff/Sec 


Figure  18  ~  L/D  Parachute  Diameter  versus  Equilibrium  Descent  Velocity 

The  glide  capabilities  inherent  in  L/D  parachute  systems  appear  to  offer  attractive  operational 
advantages  such  as  offset  delivery,  guiae-in  descent,  reducing  impact  point  scatter,  and  pre- 
impact  terminal  flight  path  control,  reducing  the  probability  of  post— impact  cargo  toppling. 
These  advantages  can  only  be  realized,  however,  by  augmenting  the  system  with  quite  sophis¬ 
ticated  and  highly  reliable  guidance  and  control  systems.  For  high  altitude  delivery,  the 
advantages  are  further  considerably  tempered  by  the  variability  of  the  wind  structure  at  the 
different  levels  in  the  atmosphere  which  generally  prevails  in  high  wind  conditions.  The 
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same  arguments  tend  to  reduce  the  value  of  the  pre-impact  terminal  flight  path  control  fea 
Hire,  unless  the  control  system  response  times  can  be  made  sufficiently  short. 

Finally,  the  extended  glide  times  which  are  associated  with  the  limitations  on  permissible 
vertical  Impact  velocity  tend  to  increase  the  exposure  of  the  dropcqrgo  tp  enemy  action, 
by  comparison  with  systems  utilizing  a  high  speed  descent  mode  for  high  level  deliver^. 

As  a  result  of  the  large  sizes  required  along  with  considerations  of  probable  complexity  of 
an  operational  system,  including  the  need  for  large  variation  in  stock  sizes  in  inventory, 
it  is  concluded  mat  L/D  parachutes  offer  no  significant  advantage  over  conventional  para 
chutes  for  the  majority  of  aerial  delivery  operations. 

Bailute 

General  -  The  inflatable-balloon  decelerator  or  bailute  is  a  blunt  body  aerodynamic  de¬ 
celerated  fabricated  from  material  of  very  low  porosity.  Ballutes  are  deployed  behind  the 
cargo  to  be  decelerated  and  inflated  by  ram  air  or  pressure  bottles.  Figure  19  illustrates 
the  configuration  of  a  spherical  bailute.  Other  rotational  symmetric  shapes  may  also  be 
used,  including  cones  with  She  apex  pointing  upstream. 


Figuce  19  -  Bailute  Delivery  Concept 

Results  and  Conclusions  -  The  bailute  is  essentially  a  decelerating  device  suitable  for  de¬ 
ployment  at  cihd”3eceieration  from  high  supe; sonic  speeds.  At  speeds  jn  tho  range  neces¬ 
sary  for  the  aerial  delivery  of  frangible  cargoes,  the  diag  characteristic  s  of  ballutes  are 
inferior  to  common  types  of  parachutes.  Weights  of  bailute  descent  systems  are  greater 
than  those  of  parachutes  by  factors  ranging  up  to  2.63  and  cannot  be  used  effectively  at 
the  velocities  required  in  the  recovery  phase.  Ballutes  do  not  represent  t < *Sc!©nt  deceler 
ating  devices  for  the  aerial  delivery  of  heavy  cargo  weights.  They  do  havn  a  potantial 
area  of  application  as  cargo  extraction  systems  for  aerial  delivery. 


Analysis  -  The  feasibility  of  bailutes,  including  both  ram-aii -inflated  and  pressure-gas- 
inflated  of  all  shapes,  for  heavy  cargo  delivery  systems  was  examined  from  two  different 
aspects.  The  first  aspect  concerned  the  performance  as  a  braking  device  permitting  steady 
state  descent  at  an  equilibrium  speed  suitable  for  ground  impact.  The  second  aspect  con¬ 
cerned  the  performance  as  a  decelerating  device  being  deployed  and  active  in  tne  speed 
regime  between  aircraft  flight  speed  and  permissible  ground  impact  velocity. 

For  the  steady  state  descent  performance,  rhe  drag  coefficient  affords  the  basic  figure  of 
merit.  Extrapolation  of  drag  data  given  in  Reference  4  indicates  values  for  the  drag  coeffi¬ 
cient  (based  on  projected  area)of  the  order  of  0.5  for  the  speed  regime  of  interest  in  this  con¬ 
nection  (M  <  .05).  By  comparison,  a  fiat  circular  canopy  conventional  parachute  has  adrag 
coefficient  Cp  =  0*75  (based  on  constructed  area),  or  a  Cp  *=  -75/(  ,7)2  =  1 .53  based  on 
o  p 

the  fully  inflated  projected  area. 

In  order  to  achieve  a  descent  performance  for  the  ballute  which  would  be  comparable  with 
that  of  conventional  parachutes,,  the  projected  ballute  diameter  would  have  to  be 

Dpb  =  (l  .53/(.5)  '/2)Dw  -  1.75Dpp 


where  D  denotes  the  projected  diameter  of  the  fully  inflated  conventional  parachute. 

2 

The  cloth  area  required  for  the  ballute  would  be  approximately  (2) * (1 .75)  =  6  times  that 

required  for  the  conventional  parachute. 


The  performance  characteristics  of  the  ballute  as  a  decelerating  device  operating  in  a  regime 
of  varying  airspeeds  bracketed  by  the  deployment  speed  &  aiicraft  flight  speed  and  the  equi¬ 
librium  descent  speed,  is  a  function  of  several  factors. 


Principal  of  these  are: 

o  The  deceleration  distance 
o  The  peak  value  of  the  deceleration  load  factor 
o  The  shape  of  the  time  history  curve  for  the  deceleration  load  factor 
o  The  system  weight. 

The  deceleration  distance  is  essentially  a  function  of  the  shape  of  the  time  history  curve  for 
the  deceleration  load  factor. 


When  this  curve  5s  known,  the  deceleration  distance  can  be  evaluated  from  the  expression 


s  ,  =  v  •  t  +  1/2 
a  o 


t-t  t=t 
f 

dn.(t)dt 


gt2  -  ^dt  jdn. 


t=o  t=o 
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for  a  vertical  deceleration,  where 

5^j  -  deceleration  distance  -  ft 

v  =  initial  velocity  -  £i/sec 
o  -  2 

g  -  gravitational  acc  deration  -  ft/sec 

n(t)  =  deceleration  (drag)  load  factor  ct  time  t 

t  =  time  -  seconds 


It  would  appear  that  the  ballute  possesses  greater  potential  for  controlled  inflation  and  drag 
modulation  than  the  conventional  parachute,  particularly  when  forced  inflation  by  stored  gas 
rather  than  ram-air-inflation  is  used.  For  the  purpose  cf  analysis,  it  is  assumed  that  bal lutes 
can  be  clustered  as  conventional  parachutes  without  serious  deterioration  of  the  aggregate 
drag.  For  a  70,000-pound  cargo,  a  cluster  of  eight  ballutes,  each  with  a  projected  diameter 
of  173  feer  will  yield  the  required  equilibrium  descent  speed  of  25  feet/second. 

The  volume  of  each  bailute  will  be  oj  2,700,000  ft  ,  assuming  an  approximate  spherical 
shape.  (The  volume  does  not  change  significantly  by  changing  to  a  conical-hemisphei ?cal 

shape.)  Assuming  forced  inflation  by  air  stored  in3.0ft^  fiberglass  gas  bottles  under  2000  pel, 

the  number  of  bottles  required  for  inflation  of  one  ballute  is  2.7. 10^/3.8.(2000/14.7)  = 

5220  bottles.  If  inflation  is  carried  out  at  higher  altitudes,  the  number  of  required  bottles 
is  reduced,  but  hardly  below  a  number  approaching  1500  per  ballute.  At  a  weight  perbotlle 
of  20  pounds,  the  weight  of  the  complete  system  will  exceed  by  a  factor  of  about  3.5 
the  weight  of  the  payload,  based  upon  the  lower  extimated  number  of  bottles. 


With  ram-air  inflation,  these  weight  penalties  need  not  be  incurred.  On  the  other  hand, 
the  potential  for  a  well -modulated  inflation  is  also  greatly  reduced,  leading  either  to  drag 
load  factor  time-histories  which  are  not  greatly  different  from  parachutes,  or  to  generally 
lower  drag  load  factors  and  considerably  extended  deceleration  distances. 


If  peak  deceleration  load  factors  of  the  same  order  of  magnitude  as  occur  for  conventional 
parachutes  are  assumed,  the  critical  hoop  tension  stress  in  the  ballute  canopy  cloth  will  be 

CD 

of  the  order  ( — —P-— ^ times  that  for  the  parachute.  This  amounts  to  a  reduction 


-n  .. 

"p  Parachute 


5  1  /2 

factor  of  (y‘53^  '  ~  0.572  per  unit  cloth  area. 


Th  is  reduction  is,  however,  more  than  compensated  by  the  required  increase  in  cloth  area  for 
the  ballute,  leading  to  a  ballute  canopy  weight  of  about  (.572)  (6)  =  3.4  times  that  for  a 
comparable  flat  canopy  parachute  system.  This  corresponds  to  a  total  system  weight  factor  of 
2.6  -  2.7.  This  does  not  include  allowance  foi  possible  requirements  for  less  permeable 
cloth  material  for  bailute  canopy  construction. 


Since  the  ballute  does  not  compare  favorably  with  parachute  descent  systems  on  the  basis 
of  weight  and  does  not  appear  to  offer  any  obvious  compensatory  advantages,  it  is  con¬ 
cluded  that  such  systems  are  not  employed  optimally  in  aerial  delivery  operations  for  the 
cargo  weight  ranges  encompassed  by  this  study.  One  potential  application  would  be  as  ex¬ 
traction  device,  where  modulated  ram-air-inflation  at  flight  speed  should  offer  no  tech¬ 
nical  difficulty,  and  where  precise  timing  and  control  of  the  inflation  process  would  be 
to  great  advantage. 
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Pc'.i'cicone 


General  -  The  pcn-acone  is  an  aerodynamic  drag  device  in  the  form  of  on  open  cone  of  gas- 
inflated  material  which  envelops  the  cargo  during  descent.  Stability  of  the  paracone  is 
achieved  by  obtaining  the  proper  relationship  between  the  center  of  gravity  and  the  center 
of  pressure.  When  the  paracone  impacts  on  the  ground,  the  forces  are  absorbed  by  compres¬ 
sion  of  gases  within  the  point  of  fhe  cone,  through  a  mechanism  similar  to  that  used  by  air¬ 
bag  decelerators.  The  paracone  configuration  is  illustrated  in  Figure  20,  and  described  in 
detail  in  Reference  6. 


Figure  20  -  Paracone  Delivery  Concept 


Results  and  Conclusions  -  For  a  given  terminal  velocity,  the  projected  area  and  correspond¬ 
ing  weight  required  for  paracones  is  greater  than  that  required  for  parachutes.  Since  para- 
cones  cannot  be  used  in  dusters,  the  size  of  paracones  for  delivery  of  heavy  cargo  weights 
at  low  terminal  velocities  presents  severe  operational  problems.  Paracones  are  not  suitable 
for  use  In  the  aerial  delivery  of  cargo  weights  in  the  35,000  to  70,000-pound  range. 

Analysis  -  Drag  characteristics  of  paracones  are  inferior  to  those  of  parachute  decelerating 
devTceT.  Tne  drag  coefficient  of  on  inverted  cone  Is  approximately  0.4,  while  representa¬ 
tive  parachutes  have  drag  coefficients  of  0.75.  Therefore,  for  a  given  cargo  weight  and 
terminal  velocity,  the  projected  area  of  q  paracone  is  almost  two  times  greater  than  the 
nominal  area  of  a  parachute. 

Figure  21  Illustrates  paracone  diameter  as  a  function  of  terminal  velocity  with  cargo  weight 
as  a  parameter.  Required  paracone  diameters  are  somewhat  greater  than  those  described  in 
this  fl^n  re,  due  to  the  omission  of  paracone  weight  in  computations.  However,  even  this 
couser  nlive  approach  Indicates  that  paracone  size  becomes  excessive  for  acceptable  Impact 
volocttli  j.  For  example,  a  paracone  diameter  of  almost  600  feet  is  required  for  the  delivery 
of  a  70, UOO-pound  cargo  at  25  feet/second.  The  fact  that  paracones  cannot  be  clustered 
"esult*  :n  excessive  dimensions  for  heavy  cargo  weights  at  reasonable  impact  velocities. 

Paracones  are  inherently  less  efficient  than  parachutes  on  a  weight  basis  mo  to  their  physical 
configuration.  While  a  parachute  canopy  Is  subjected  to  tensile  loading  which  maintains 
the  proper  canopy  sf<;r)e,  a  paracone  is  subjected  to  bending  stresses  which  tend  to  deform 
the  configuration  ana  reduce  the  drag  area.  Therefore,  provision  for  adequate  rigidity  in 
the  paracone  is  necessary,  with  an  attendant  weight  penalty.  Since  paracones  are  deployed 
by  force  Inflation,  such  systems  must  also  incorporate  gas  stored  under  high  pressure.  This 
results  In  further  weight  ratio  degradation  due  to  the  weight  of  the  Inflation  system  and  the 
requirement  for  gas-tight  material  for  paracone  construction. 
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Parocones  do  not  appear  to  offer  arty  advantages  over  more  conventional  systems  for  the 
aerial  delivery  of  heavy  cargo  weights. 

Parawing 

General  •*  The  tethered  parawing  aerial  delivery  concept  is  illustrated  in  Figure  22,  In 
opwroHon,  the  parawing  is  deployed  behind  the  aircraft  and  allowed  to  qchieve  a  trail  dis¬ 
tance,  under  constant  tow  line  load,  equal  to  slightly  more  than  the  aircraft  height  above 
the  drop  zone.  As  this  trail  distance  is  achieved,  the  cargo,  connected  to  the  parawing 
by  ct  second  or  pendulum  line,  is  ejected  from  the  aircraft  and  drops  on  a  modified  trajec¬ 
tory  as  dictated  by  parawing  lift  and  forward  speed.  For  the  drop  speeds  of  interest,  In 
order  to  take  advantage  of  the  parawing  lift  force  to  reduce  vertical  velocity  at  impact, 
drop  heights  on  the  order  of  1,000  feet  are  required. 


. . .  'niwiMtlfJMiiiwmmHi 

ZTE=ar - 


. 


Figure  22  Parawing  Delivery  Concept 


Results  and  Conclusions  -  Keel  length  requirements  for  para  wings  range  up  to  SO  feet  for  th© 
^ITvery^V  a  X'^lTOO-pbund  cargo.  The  deployment  of  parawings  of  this  size  from  cm  air¬ 
craft  presents  «  difficult  operational  problem. 


Parawings  within  the  current  state  of  the  art  cannot  be  towed  in  an  unloaded  condition  at 
speeds  greater  than  87  knots,  and  are  thus  unsuitable  For  use  with  modern  cargo  aircraft. 

Analysis  -  A  parawing  configuration  having  equal-length  loading  edges  and  keel  was  chosen 
for  analysis.  This  configuration,  with  a  45-doaree  flat  plan  form  sweep  rand  a  jfCfodagra  e  In¬ 
flight  swoop,  gives  maximum  area  for/  a  given  keel  length.  For  this  parawing  configuration, 
keel  length  requirements  range  from  56  Feet  for  a  33, 000- pound  cargo  weight  up  to  80  feet 
for  a 70, 000-pound  cargo  weight. 

The  deployment  of  a  parawing  of  this  size  from  the  towing  aircraft  cargo  compartment  re¬ 
quires  that  the  basic  wing  structure  be  collapsible  and  either  folding  cr  tola  scoping  for  con- 
vient  stowage  in  the  olfcrtSr  cargo  compartment.  Gradual  deployment  i«  required  to  main¬ 
tain  attitude  control,  since  any  tendency  for  the  wing,  to  stall  con  result  In  a  sudden  Ices  of 
stability  and  consequent  severe  oscillatory  motions,  The  development  of  two luiiquoi  to  per¬ 
mit  deployment  of  the  wing  to  full  flight  plan  farm  while  avoiding  a  kiting  behavior  is  a 
major  problem. 


Parawings  possess  a  limited  range  of  useable  lift  coefficients.  References  7  through  12  in¬ 
dicate  that  parawings  are  subject  to  fabric  flutter  and  buffeting  with  subsequent  loss  of 
stability,  below  an  angle  of  attack  of  about  20  degrees.  For  parawings  of  the  type  under 
consideration,  the  lift  coefficient  at  this  angle  of  attack  is  about  0.6.  The  maximum  lift 
coefficient  is  about  1.2.  This  corresponds  too  ratio  between  maximum  and  minimum  speeds 
at  i  .0g  flight  load  factor  of  (1 .2/0.6)  V2  =  1.41.  The  maximum  L/D  is  between  5.0  and 
6.0  and  occurs  at  the  minimum  useable  lift  coefficient  of  0.6. 

An  assessment  was  made  of  the  maximum  practical  wing  loading  for  a  parawing  capable  of 
being  deployed  from  a  stored  condition  in  the  cargo  aircraft.  For  the  purpose  of  analysis, 
the  wing  booms  were  assumed  to  be  rigidized  by  inflation.  Each  boom  was  considered  to 
have  two  load  suspension  points  located  such  as  to  minimize  the  bending  loads.  The  diam¬ 
eter/length  ratio  for  the  booms  were  assumed  as  .05.  With  these  assumptions,  the  maxi¬ 
mum  wing  surface  loading  w.  could  be  expressed  as 

max 


where 


w. 


w„ 


a,  o 

12100  p.  (-ji-r 

'max  1  k 

maximum  parawlng  surface  loading  (Includirjg  gust 
ring  load  factor),  pounds/FH 


(12) 


max  and/or  maneuvering 


P.  =  boom  inflation  pressure,  pourids/ir/ 


V'k 


”  ratio  of  boom  diameter/boom  length 


The  maximum  Inflation  pressure  Pj  depends  on  the  allowable  hoop  tension  stress  In  and  the 

material  thickness  of  the  boom.  Agood  grade  of  nylon  cloth  for  parachutes  possesses  break¬ 
ing  stress  of  12,000  psi  in  accordance  with  data  from  Reference  4.  In  consideration  of  the 
requirement  for  stowage  folding,  boom  material  thickness  would  probably  be  limited  to 
about  0.12-0.15  In. 


Assuming  a  safety  factor  on  boom  pressurization  of  2.0,  the  permisslbls  Inflation  Dressure 
becomes 

'.-w  ■> 


For  the  keel  length  of  00  feet  one  obtains 


P, 


and 


w. 


30  -  37.5  pourids/ln^ 
45  .■  56  pou ndi/ft^ 


max 


Considering  that  the  maximum  wing  surface  loading  must  Include  ultimate  safety  factor 
along;  with  maneuver  and/or  guit  load  factor  allowance,  a  design  vaiue  for  the  wing  load¬ 
ing  Is  obtained  m 
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45  -  56 

*  — — 

*  1.5-2. 5 


12-15  pounds/  ft^ 


Using  these  values  in  the  relation. 


C 


L 


(14) 


the  maximum  towing  speed  for  parawings  is  calculated  to  be  about  87  knots.  This  value  is 
well  below  the  stalling  speed  of  the  aircraft  under  consideration. 

The  difficulties  encountered  in  deploying  a  tethered  parawing  from  a  cargo  aircraft  are  a 
direct  consequence  of  not  being  able  to  attain  stable  flight  while  the  parowing  is  In  an  un¬ 
loaded  condition.  That  is,  the  angle  of  attack  cannot  be  reduced  enough  to  maintain 
stable  flight.  Suppose  that  1  g  loading  can  be  increased  so  that  stable  flight  is  always 
maintained;  that  is,  the  angle  of  attack  is  greater  than  20°.  Then  C.  0.6  and,  if  the  tow 

2  L 

speed  is  taken  as  150  knots,  W/S  *45  Ib/ft  .  This  value  is  u  threefold  increase  in  the 

r  W 

state  of  the  art  in  wing  loading. 


These  results  Indicate  that  the  uss  of  parawings  tethered  to  modern  cargo  aircraft  is  not  a 
satisfactory  method  for  the  aerial  delivery  of  heavy  cargo  weights. 


Fixed  Wing  Gilders 

General  -  Fixed  rigid  wing  gilders  were  utilized  for  the  delivery  of  cargo  and  personnel 
during  World  War  II.  Typical  cargo  gliders  wore  the  Horsa  and  the  Hamllcar  which  had 
payload  capabilities  of  6, 900  and  16,000  pounds,  respectively. 


Results  and  Conclusions  -  Typical  cargo  gliders  exhibit  stall  speeds  of  about  40  knots,  lift- 
to-drag  ratios  of  about  10,  and  pay  load-to-gross- weight  ratios  ranging  from  0.20  fo  0.47. 
Weights  of  gliders  capable  of  delivering  payloads  in  flie  range  under  consideration  range 
from  75, 000  pounds  fo  150,000  pounds.  Such  vehicles  are  too  expensive  to  be  considered 
expendable  and  therefore  have  landing  and  retrieval  requirements,  in  terms  of  both  size  and 
surface  characteristics,  similar  to  those  of  powered  aircraft  of  the  same  cargo  class.  There 
appears  to  bo  no  advantage  in  using  fixed  rigid  wing  gilders  for  delivery  of  heavy  payloads. 


Analysis  -  The  ratio  of  payload  weight  to  gross  weight  for  fixed  wing  gliders  previously  used 
for  me- ciollvcry  of  cargo  and  personnel  ranges  from  0.20  to  0.47.  For  the  most  favorable 
ratio  of  0.47,  gross  weights  of  gliders  suitable  for  the  delivery  of  payloads  between  35,000 
and  70,000  pounds  range  from  75,000  pounds  to  150,000  pounds. 


Clear  area  requirements  for  landing  and  braking  fixed  wing  gliders  c^e  similar  fo  those  for 
powered  cargo  aircraft  of  equal  capacity.  Similar  requirements  exist  for  retrieval  of  rhcv 
gilder  since  such  an  aircraft  It  not  expendable  and  Is  not  amenable  fo  disassembly  for  re¬ 
covery  by  surface  transport. 

Since  a  gilder  requires  a  trained  crew,  Is  dependent  upon  a  powered  aircraft  for  delivery  and 
retrieval,  and  has  less  versatility  than  a  powered  aircraft,  there  It  no  operational  advantage 
In  utilizing  a  glider  In  preference  to  a  powered  aircraft  for  the  delivery  of  heavy  payloads. 
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Windmilling  Rotor 


Genera!  -  A  windmilling  rotor,  illustrated  in  Figure  23,  is  a  multibladed  helicopter-type 
rotor  which  provides  aerodynamic  retardation  in  autorotative  descent.  Previously  utilized 
for  recovery  of  relatively  small  payloads,  windmilllng  rotors  provide  features  and  capa¬ 
bilities  for  high  speed  and  high  "g"  deployment,  initial  retardation  and  stabilization,  drag 
force  modulation,  usable  t/D  glide,  maneuverability  during  descent,  and  terminal  flare 
for  low  impact  velocities. 


Results  and  Conclusions  -  Kir  the  recovery  of  a  70,000-pound  cargo  weight  at  an  impact 
velocity  of  2b  feet/ second,  a  rotor  diameter  of  utmost  300  feet  Is  required.  Rotors  of  such 
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isnfrfomand  fhe  cu&ocfated  mechanfam  required  for  deploymenf  and  control  are 
iblo  with  aerial  delivery  operations  Involving  ins  aircraft  unde?  consideration. 


not  com- 


Analysla  -  In  common  with  most  aerodynamic  systems,  the  performance  of  a  windmilling  rotor 
TTcIetKned  uy  the  following  expression: 

°  ■  |  p  cD  5  <'» 

in  which  is  the  rotor  drug  force  coefficient  and  vf  is  the  terminal  velocity  of  the  system. 

The  system  achieves  a  constant  terminal  velocity  when  D  It  equal  to  the  total  system  weight. 
Neglecting  the  weight  of  the  rotor  system,  the  rotor  disk  area  required  foi  delivery  of  a  car¬ 
go  weight  W  is  given  by 
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with  a  dicsmoter  of 
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Reference  6  indicates  that  a  drag  coefficient  of  1.4  is  near  the  maximum  attainable  for 
such  a  device.  Therefore,  for  recovery  of  payloads  in  the  weight  range  from  35,000  to 
70, 000-pounds  at  c  velocity  of  25  feet/second,  rotor  diameters  ranging  from  approximate¬ 
ly  210  to  300  feet  arc  required.  Those  values  represent  ideal  minima  since  the  rotor 
weights  were  neglected,  the  most  favorable  drag  coefficient  assumed,  ond  the  drag  |<>$s 
due  to  coning  of  the  blades  omitted. 


The  problems  inherent  in  the  aerial  storage  and  deployment  of  such  a  ro'or  system  are 
obvious.  Since  the  rotor  diameter  far  exceeds  the  maximum  cargo  compartment  dimension 
of  aircraft  under  consideration,  rotor  blades  would  be  required  to  fold  or  telescope..  The 
weight  of  the  rotors  and  associated  deployment  mechanism  would  be  prohibitive  for  rotors 
having  adequate  rigidity  and  an  acceptable  solidity  ratio. 

it  is  concluded  that  the  employment  of  wtndmiiling  rotors  for  the  delivery  of  cargo  weight? 
in  the  range  under  consideration  is  not  feasible. 

Powered  Rotor 


General  -  The  powered  rotor  delivery  concept  effects  cargo  deceleration  and  control  of  the 
cargo  descent  rate  through  the  use  of  a  powered,  multibladed  helicopter-type  rotor. 

Results  and  Conclusions  -  Recovery  of  drop  cargo  in  the  weight  range  from  35,000  to 
70, 000-pcunofs  at  an  impact  velocity  of  25  feet/second  requires  rotor  diameters  ranging 
from  75  to  106  feet  and  power  sources  ranging  from  4500  to  more  than  9000  horsepower. 

The  weight  of  (hose  systems  varies  from  approximately  5000  to  10,000  pounds.  It  5s  con¬ 
cluded  that  powered  rotor  systems  are  impractical  for  the  delivery  of  heavy  payloads  on 
the  basis  of  rotor  size,  power,  and  weight  requirements. 


Analysis  -  In  powered  rotor  decelerators,  minimum  rotor  size  and  power  are  required  for  a 
system  which  rapidly  decelerates  the  payload  to  the  desired  terminal  velocity  and  maintains 
that  velocity  throughout  the  descent.  The  approach  utilized  in  this  analysis  assumed  a  con¬ 
stant  descent  rate  of  25  feet/second,  which  is  the  desired  terminal  velocity.  Since  more 
power  and  a  somewhat  larger  rotor  are  needed  for  initial  deceleration  of  the  cargo,  the  re¬ 
quirements  specified  In  this  analysis  are  minimal. 


The  radius  of  the  rotor  required  to  maintain  a  constant  descent  velocity  is  given  by 


Wc  ]  1/2 

w  ld  J 


08) 


The  highest  disk  loading  which  car;  reasonably  be  assumed  for  this  application  is  eight. 
Based  on  a  cargo  weight  of  70,000  pounds,  tne  rotor  diameter  required  for  a  constant 
descent  velocity  Is  106  feet,  Since  this  exceeds  the  cargo  compartment  size  of  the  air¬ 
craft  under  consideration,  rotor  blades  would  be  required  to  fold  or  telescope,  The  rotor 
blade  extension  system  would  present  difficult  design  problems,  since  the  rotor  Is  large 
and  must  be  extended  while  acceleration  to  operational  speed. 
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(19) 


The  horsepower  required  for  c  rotor  decelerating  system  is  given  by 


where 


T  vb/550 


CQ  = 


Q 


p  Tf  r3  (  Ci)  r)2 


CT  “ 


prr2  (  Ci) r)2 


(20) 


(21) 


For  a  thrust  of  70,000  pounds  and  a  limiting  rotor  tip  velocity  of  600  feet/second, 

-3 

Gj-  -  9.35  x  10  ' .  A  typical  variation  of  Cj  with  Cq  for  a  hovering  helicopter  indicates 
that  the  corresponding  Cq  is  1.1  x  10  3  (Reference  13). 


Based  on  these  values,  about  9000  horsepower  are  required  for  such  a  deceleration  system. 
This  represents  a  minimum  value,  since  design  power  would  be  determined  by  the  require¬ 
ment  for  decelerating  the  descent  speed  to  the  desired  level  after  acquiring  operational 
rotor  speed. 

The  weight  of  a  power  source  of  this  magnitude  is  between  4000  and  5000  pounds.  The 
total  system  weight  including  the  transmission,  rotor  blades,  support  structure,  and  subsys¬ 
tems  is  estimated  to  approach  10,000  pounds.  The  corresponding  weight  ratio  is  0.14. 

As  a  result  of  the  rotor  size,  horsepower,  and  weight  requirements,  powered  rotor  systems 
are  not  considered  to  be  feasible  for  use  in  the  aerial  delivery  of  heavy  cargo. 


General  -  The  balloon  delivery  concept  utilizes  a  helium-ftiled  balloon,  which  combines 
aerodynamic  drag  and  buoyancy  forces  to  decelerate  the  cargo. 

Result*  and  Conclusions  -  For  descent  at  a  constant  velocity  of  100  feet/ second,  system 
w«Tg  tTraRoiToFTiu  fRFc-  tT  I  led  balloons  range  from  0.45  to  0.55  for  cargo  weights  between 
35,000  and  70,000  pounds.  Comparable  values  for  parachute  systems  are  between  0,007 
and  0.01  „  Considering  contributions  of  the  envelope  material  required  to  withstand  aero¬ 
dynamic  forces,  helium  gas  end  bottles,  and  component  values  and  accessories,  the  total 
system  weight  is  excessive  for  aerial  delivery  operations. 

Analysis  -  Th®  weight  of  a  balloon  envelope  with  adoauate  strength  to  withstand  aerodynamic 
Tociding  correspondlnp  tc  a  velocity  of  200  feet/secona  at  sea  level  was  estimated  from  Refer¬ 
ence  6,"  To  account  for  suspension  lines,  values,  and  accessories,  o  factor  of  1 .5  was  assumed, 
giving 

Wl  =0.78x  10”5d3,48  (2'p 

*Tbe  Paravulcoon  Recovery  System  by  A.  J.  Qberg  and  R.  A.  Pohl . 
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In  common  applications,  a  balloon  is  filled  with  helium  on  the  ground  and  used  to  lift  a 
small  payload.  The  heavy  helium  containers,  from  which  the  balloon  is  filled,  remain  on 
the  ground.  In  aerial  delivery  applications,  the  helium  containers  must  be  considered  as 


a  part  of  the  system  weight.  If  the  helium  is  stored  in&berglass  gas  bottles 
the  weight  of  the  bottles  is  given  by 

W2  =  3.88  x  10  2  d3  >  where  d  «  balloon  diameter  in  ft  (23) 

and  the  helium  weight  is 

W3  =  5.84x  10“3d3  (24) 

For  a  spherical  helium-filled  balloon  at  sea  level  and  32°F,  the  lift  and  drag  are  given  by 
L  *  3.46  x  i0"2d3  (25) 

D  =  ?  P  v?  CD  ?7 ' d*  <26) 

Therefore,  the  total  decelerating  force  is 

F  =  3.46  x  Hf  2  d3  + 1  p  v2  CD  77  d2  (27) 


Figure  24  describes  balloon  system  weight  as  a  function  of  terminal  velocity  and  cargo 
weight  for  a  value  of  0.5 .  As  indicated  by  this  figure,  balloon  deceleration  systems 

cannot  be  employed  for  achieving  terminal  velocities  required  for  the  recovery  of  heavy 
cargo  weights.  As  decelerators  during  the  descent  phase,  balloons  aremuch  less  efficient 
on  a  weight  basis  than  parachute  systems.  For  descent  at  a  constant  velocity  of  100  feet/ 
second,  weight  ratios  for  a  70,000-pound  cargo  are  0.55  and  0.01,  respectively,  for  bal¬ 
loon  and  parachute  systems. 

Paravuicoon 

General  -  The  paravuicoon  is  a  hot-air  balloon  which  utilizes  aerodynamic  drug  in  addi¬ 
tion  to  buoycncy  forces  for  deceleration  of  a  payload.  The  system  consists  of  a  balloon 
envelope  with  a  large  opening  in  the  base  ana  a  heat  generating  system.  At  the  time  of 
deployment,  the  balloon  is  inflated  by  ram  air.  After  Inflation,  heat  is  added  to  the  air 
through  the  opening  in  the  base  until  the  desired  gas  temperature  is  achieved.  The  heat¬ 
ing  rate  can  be  controlled  to  obtain  Hie  desired  descent  rate.  Pgravulcoons  are  best  suited 
for  use  when  a  payload  is  to  be  decelerated  to  near-zero  terminal  velocity  or  suspended 
for  a  long  period  of  time.  The  paravuicoon  is  Illustrated  In  Figure  25. 

Results  and  Conclusion?  -  Due  to  Hie  relatively  long  time  required  fnr  envelope  inflation 
aria  Keating  the  air,  deployment  of  paravuicoon  decelerating  systems  is  limited  to  altitudes 
above  10,000  feet.  Paravuicoon  system  weight  Is  about  twice  that  jf  parachute  systems 
for  terminal  velocities  greater  than  10  feet/second,  below  such  a  terminal  velocity,  para¬ 
vuicoon  systems  are  more  efficient  than  parachutes*  However,  system  weight  ratios  at 
these  low  terminal  velocities  are  very  high. 

Analysis  -  Sinceparavulcoonenvelopeinflatlonoccursgradually,  opening  shock  effects  and 
attendant  payload  load  factors  are  considerably  lower  than  those  for  parachute  decelerators. 
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After  inflation  i$  complete,  from  120  to  160  seconds  ore  required  for  heating  rhe  air  to  the 
operating  temperature.  A>  a  result  of  the  relatively  long  inflation  time  and  the  extended 
heating  time,  deployment  of  the  paravulcoon  must  occur  at  altitudes  above  10,000  feet. 


Figure  25  -  Paravulcoon  Delivery  Concept 


The  weight  of  a  paravulcoon  envelope  is  given  in  Reference  6,  and  approximated  by 


W,  =  5.85  x  I  O’5  d3, 48 


(28) 


Using  a  relation  similar  to  that  derived  for  parachutes,  the  line  weight  is  given  by 


W2  =  9.6x  10 


c  w 

-5  c 


3/2 


(29) 


P 


The  initial  heating  rate  required  in  Btu/second  is  approximately  equal  to  the  paylocri  weight 
in  pounds.  Using' propone,  the  fuel  weight  is 


WQ  =  6  x  Kf 3  W 
3  c 


(30) 
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From  an  analysis  of  a  detailed  paravulcoon  design,  it  was  determined  that  the  weight  of  the 
burner,  gas  tankage,  and  miscellaneous  accessories  is  approximately  0.5  W^.  The  total 

weight  of  the  paravulcoon  system  is,  therefore 


Wd  =  8.76  x  10"5  d3'48  +  9.6  x  l(f 5  ^ 


3/2 


+  6  x  10“3  W 


pA 


(31) 


The  lift  generated  at  s 6a  level  by  a  paravulcoon  with  an  average  internal  air  temperature 
of  250° F  is 


L  =  1.08  x  10“2  d3 


(32) 


Since  the  paravulcoon  dtag  is 


p,]c0ni2 

8 


(33) 


the  total  decelerating  force  is 


F=l.08xI02d3+  —  yO  v2  Cp  jr  d 

8 


(34) 


By  equating  decelerating  force  and  cargo  weight,  it  is  possible  to  determine  the  diameter 
of  the  paravulcoon  as  a  function  of  terminal  velocity.  The  preceding  weight  equations  per¬ 
mit  calculation  of  paravulcoon  system  weight  when  these  quantities  are  known. 

Figure  26  illustrates  paravulcoon  system  weight  as  a  function  of  terminal  velocity  with 
cargo  weight  as  a  parameter.  These  data  are  based  on  a  drag  coefficient  of  0.50  for  the 
paravulcoon.  For  a  70,000-pound  cargo  and  a  terminal  velocity  of  25  feet/second,  the 
paravulcoon  system  weight  ratio  is  0.10,  compared  to  0.047  for  a  parachute  deceleration 
system.  Only  for  terminal  velocities  lower  than  10  feet/seco'-.d  is  the  paravulcoon  system 
more  efficient  on  a  weight  basis  than  a  parachute  system. 

Turbojet 

General  -  This  concept  is  bated  on  the  use  of  high  performance  turbo-jet  or  fon-jet  engines 
tor  deceleration  of  the  cargo  *o  an  acceptable  velocity.  The  decelerating  engines  may  be 
attached  directly  to  the  cargc  platform  or  suspended  by  a  drogue  parachute  above  the  cargo. 
In  either  configuration,  the  engine  exhaust  is  directe'i  in  a  manner  to  avoid  flame  damage 
to  suspension  lines  ahd  the  cargc. 
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.hriMi-i-gSdjCcnc I usje^s  -  Airbroathing  engines  clemonsirete  extremely  high  system  weight- 
f..f<05  even  for  deceleration  of  the  cargo  at  a  relatively  low  rate.  For  cargo  deceleration 

Citf  Qj  v/rf.'am  T,  _/ a. I A  C  tir  *  I  .  •  .•  . 


C'6?Vi 


the  system  weight  ratio  ir  greater  than  0.5.  Weight  ratios  In  this  range  ore  not 
wifn  fhe  requirements  of  aerial  delivery  operations. 


.4»qjysj5  ~  For  tM  purposes  of  this  analysis,  only  the  weight  of  the  jet  engines  and  fuel  was 
included  in  calculations  of  system  weight.  Weight  of  engine  cluster  structure,  fuel  tanks, 
end  structure  required  for  attaching  engines  to  the  cargo  was  neglected.  System  weight 
ratios  arc  therefore  somewhat  lower  than  are  attainable  in  a  functional  system,  but  are  suf- 
ficie.iHy  accurate  for  comparison  with  other  concepts. 


The  weight  of  jet  engines  and  fuel  required  for  a  system  of  this  type  is  given  by 


Wd  -  T  (Cj  -i-  SFC  td)  (35) 

where  Cj  is  the  specific  engine  weight,  SFC  is  the  specific  fuel  consumption,  and 
.  vd  -  vt 

fd  =Tn0- -TTg- 

T  =  "o<We+Wd> 


(36) 

(37) 


Therefore,  it  is  possible  to  write  the  system  weight  as 

n  W  (C,  +  SFC  t ,) 

W  H  °  . 

d  I  -  n  (C,  +  SFC  t ,) 

o  I  a 


(38) 


This  equation  was  solved  for  parametrically  varied  values  of  n  and  (v^  -  v^)  with  the  follow¬ 
ing  values  for  specific  engine  weight  and  specific  fuel  consumption: 

Cy  =0.19  lb.  installed  engine  weight/lb.  thrust 

SFC  =0.64  Ib/hr/lb  thrust 

Data  obtained  from  these  calculations  are  presented  In  Figure  27,  which  describes  system 
weight  ratio  for  a  terminal  velocity  of  25  feet/seconc!  as  a  function  of  initial  velocity  and 
initial  thrust  to  weight  ratio.  This  figure  indicates  that,  even  for  deceleration  at  the  ex¬ 
tremely  low  rate  of  0.25  g,  tho  system  weight  ratio  is  greater  than  0.5.  Such  a  weight  re¬ 
quirement,  in  addition  to  the  large  altitude  loss  attending  recovery  at  low  deceleration  rates, 
is  not  compatible  with  aerial  delivery  operations.  It  is  concluded  that  the  use  of  airbreath¬ 
ing  engines  for  the  recovery  of  heavy  payloads  is  not  feasible. 

Rocket 


General  -  The  rocket  aerial  delivery  concept  utilizes  solid  fuel  rockets  for  deceleration  of 
the  cargo  to  an  acceptable  impact  velocity. ,, The  configuration  of  such  a  system  may  take 
the  form  of  a  multi-nozzle  propulsion  unit  attached  directly  to  the  cargo  platform  or  sus¬ 
pended  by  a  drogue  parachute  above  the  car^o.  In  the  latter  configuration,  illustrated  in 
Figure  28,  individual  nozzles  are  canted  to  avoid  flame  damage  to  the  suspension  line  and 
cargo.  Rocket  ignition  may  be  achieved  by  ground  sensing  probes  or  an  altitude  actuated 
device. 
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Figure  28  -  Rocket  Delivery  Concept 


Results  ond  Conclusions  -  On  a  weight  basis,  rocket  systems  are  somewhat  less  efficient 
than  parachute  systems  for  recovery  from  high  initial  velocities.  However,  the  converse  is 
true  for  recovery  from  initial  velocities  below  150  feet/second.  Rocket  deceleration  sys¬ 
tems  are  optimally  employed  in  the  recovery  phase  of  aerial  delivery,  after  the  deployment 
of  an  aerodynamic  decelerator  during  the  descent  phase  to  decrease  ctsino  velocity  to  less 
than  150  feet/second. 

Analysis  -  Weight  correlating  factors  were  calculated  for  a  descent  system  concept  utilizing 
solid  propellant  rockets  as  reaction  force  generators.  The  rocket  casing  structure  weight  was 
determined  on  the  basis  of  the  following  assumptions: 

o  Combustion  chamber  pressure 

o  Fiberglass  casing  tensile  strength 
including  1 .33  safety  factor 

o  Casing  specific  density 
o  Propellant  specific  density 

For  a  cylindrical  casing  capped  by  hemispherical  ends,  the  volume  of  casing  material  is 


p  =  1000  psi 
ffr  =  42,500  psi 

Tj  = 1 .66 

y2«1.60 


(40) 


The  coslng/propallant  weight  ratio  Is 


w, 

w„ 


:  2  2 


y 


X|  a  -  o/(i  -  % 


(41) 


The  value  of  the  weight  ratio  for  various  length/dradlue  ratio  values  Is 


l/r  Wl/W2 

4  .043,5 

5  .0447 

6  .0453 

For  solid  propellant  rockets,  a  good  estimation  of  nozzle  weight  Is  afforded  by  Reference 

14s 

W3  --  2.5  h  TO4  F*f  (42) 

where  F  Is  the  thrust  In  pounds  and  t  Is  burning  time  In  seconds. 

Utilizing  the  specific  Impulse  rolathn,  F“t  **  i  -W0'  w,f*1  a  ^P*00*  va*uo  ^ 
second!  for  l#p,  ,p  1 


W3  -  .0452  Wg  (43) 

The  decelerates  unit  ts  assumed  to  consist  af  Individual  motor  units  assembled  In  a  cluster 
suspended  between  the  descent  control  device  and  rhe  drop  cargo.  The  weight  of  struc¬ 
ture  required  for  clustering  correlates  best  with  the  thrust  Fare®  generated  bv  th*  assembly. 
In  rfeu  of  an  accurate  calculation,  u  cori»@rvat!v«  ftssessrneni'  oan  be  made  by  assuming 
that  Iho  weight  uf  necessary  structure,  fltllngi  and  lugs  Is 


W4  -  .1291  W2 

(44) 

The  system  weight  cun  then  be  written  as 

wd  '«  w,  +  w2  +  w3  +  w4 

(43) 

VV,  -  1.22  W2 

(46) 

Utilizing  the  ratio  of  Initial  to  final  thruif/w'slg'.t  ratios 


(48) 


w,  w2 

w,  w, 


1.22(1  -  f) 

n 

1.22  -a-  -0.22 

n 


Thdsa  relations  wars  explored  by  means  of  an  automatic  computing  routine.  Results  of  the 
Investigation  are  shown  In  Figure  29  which  presents  the  system  weight  ratio  Wj/W  as  a 

function  of  Initial  descent  velocity  with  initial  thrust/weight  ratio,  nQ,  as  a  parameter. 

Tho  system  weight  ratio  Improves  with  Increasing  values  of  nQ.  However,  as  the  value  of 

nQ  Increases  above  the  peak  drag/ weight  ratio  developed  by  the  descent  control  device, 

these  gains  tend  to  be  offset  due  to  Increasing  needs  for  struciura!  reinforcement  of  the 
cargo  suspension  system.  For  this  reason,  values  of  n  greater  than  3.5  -  4.0  do  not  ap¬ 
pear  to  provide  any  particular  advantage.  ° 


Comparison  of  weight  ratios  shown  In  Figure  29  with  those  for  parachute  systems  from 
Figure  14  Indicates  that  parachute  systems  ate,  In  general,  more  efficient  for  recovery 
from  high  Initial  velocities.  For  recovery  from  a  velocity  of  200  feet/second,  weight 
ratios  corresponding  to  a  70,000-pound  cargo  are  ,047  for  a  parachute  system  and  .057 
for  a  rocket  system  with  n^  *  4.0. 

However,  there  does  appear  to  be  some  advantage  In  the  use  of  rocket  decelerating  sys¬ 
tems  In  conjunction  with  parachute  systems.  If  a  parachute  system  Is  used  to  decelerate 
the  cargo  from  200  to  100  feet/second,  the  weight  ratio  is  0.01 .  The  weight  ratio  lor  a 
rocket  system  capable  of  decelerating  the  cargo  from  100  to  25  feet/second  Is  0-023.  The 
combined  ratio  Is  0-033,  compared  to  0.047  for  a  recovery  system  using  parachutes  alone. 
The  difference  between  the  systems  amounts  to  about  1000  pounds  oF  system  weight  fer  •i 
70,000-pound  cargo. 


A  system  utilizing  parachutes  during  the  descent  phase  and  rockets  for  final  recovery  pro¬ 
vides  the  most  favorable  weight  figures  of  any  concept  Investigated.  In  addition,  It  pro¬ 
vides  some  attractive  operational  features,  Including  a  relatively  fast  descent  and  a  short 
recovery  distance. 

Impact  Phase 

The  Impact  phase  of  the  aerial  delivery  process  comprises  ail  events  which  occur  between 
Initial  ground  contact  of  the  cargo,  or  attachments  to  the  cargo,  and  the  time  when  the 
cargo  velocity  Is  reduced  to  zero.  Since  a  definition  of  tho  Impact  phase  spoclfles  a  re¬ 
quirement  far  contact  with  ground,  concepts  postulated  for  utilization  in  this  phase  are 
limited  to  those  Involving  reactions  with  the  ground.  Practical  physical  systems  capable 
of  reducing  cargo  velocity  under  this  limitation  take  tho  *urrn  of  materials  or  mechanisms 
designed  to  absorb  or  dissipate  the  kinetic  energy  a*  '.he  cargo. 

General  requirements  of  systems  to  be  utilised  during  the  Impact  phase  are  the  followings 
o  Absorption  or  dissipation  of  rhe  total  cargo  kinetic  energy 
o  Deceleration  of  lh«t  cargo  at  a  rate  consistent  with  acceptable  cargo  loading 

In  this  study,  the  kinetic  energy  which  must  be  absorbed  or  dissipated  during  Impact  cor¬ 
responds  to  weights  between  35,000  and  70,000  pounds  at  velocities  ranging  up  to  80  feet 

per  second.  These  energies  range  from  2. 17  x  10®  foot  pounds  for  a  cargo  weight  of  35,000 


pounds  at  a  velocity  of  20  feet  per  second  to  6.96  x  TO  foot  pounds  for  a  cargo  weight  of 
70,000  pounds  at  a  velocity  of  80  feet  per  second.  The  maximum  acceptable  deceleration 
rate  depends  upon  the  fragility  of  the  cargo  and  the  method  of  packaging  for  delivery.  For 
purposes  of  this  study,  cargo  deceleration  rates  of  5,  10,  15  and  20  g  are  assumed. 

in  addition  to  the  general  requirements  specified  above,  there  are  severe!  operational 
characteristics  which  are  desirable  in  impact  cushioning  systems.  Desirable  characteristics 
include  minimization  of  the  following  quantities: 

o  Deceleration  stroke 

o  System  weight 

o  System  volume 

o  Sensitivity  to  variations  in  vertical  velocity 

o  Sensitivity  to  horizontal  velocity 

o  Sensitivity  to  variation  in  impact  attitude 

In  an  optimum  impact  attenuation  system,  the  stroke  of  the  energy  absorbing  material  or 

mechanism  should  be  tire  minimum  consistent  with  other  system  requirements.  The  length 

of  the  deceleration  stroke  influences  the  maximum  cargo  height  for  storage  and  extraction 

from  the  aircraft.  The  minimum  stroke  provides  the  lowest  center  of  gravity  upon  ground 

impact,  thus  decreasing  toppling  tendencies  of  the  load  and  sensitivity  of  the  system  to 

slight  variations  in  platform  attitude.  Values  of  the  ideal  deceleration  stroke  are  shown  as  function 

of  impact  velocity  and  deceleration  rate  in  Figure  30. 

The  desirability  of  minimizing  the  weight  and  volume  of  impact'  attenuation  systems  results 
from  aircraft  payload  and  cargo  volume  limitations.  In  addition,  a  low  impact  system 
weight  decreases  the  requirements  placed  on  systems  utilized  in  tire  extraction,  descent, 
ar.d  recovery  phases  of  aerial  delivery. 

The  performance  of  descent  and  recovery  systems  varies  over  u  finite  range  as  a  result  of 
inherent  system  limitations  and  variations  in  the  operational  environment.  Therefore,  it  i$ 
necessary  that  the  impact  attenuation  system  be  capable  of  satisfactory  operation  when 
pertinent  impact  parameters  deviate  from  nominal  values.  An  acceptable  impact  system 
should  possess  some  insensitivity  to  cargo  horizontal  velocity  and  small  variations  in  cargo 
vertical  velocity  and  cargo  attitude. 


In  evaluating  the  feasibility  of  candidate  impact  attenuation  concepts,  primary  consideration 
was  given  to  the  weight  and  volume  of  systems  compatible  with  cushioning  payloads  in  the 
35,000  to  70,000-pound  range.  For  concepts  having  acceptable  weight  and  volume  require¬ 
ments,  secondary  factors  were  considered,  including  deceleration  stroke  and  sensitivity  to 
variations  in  impact  parameters. 


Displacement  Type  Hydraulic  Shock  Absorber 


General  —  Energy  cbscrpt.cn  systems  uti Sizing  the  mfstv.u  J  flew  of  fluid  through  on  orifice 
are  capable  o?  generating  or  sustaining  large  forces  for  shott  time  periods,  and  thus  appear 
to  be  compatible  with  the  requirements  attending  the  cushioning  of  heavy  payloads. 


Impact  Velocity  -  Ft/Sec 

Figure  30  -  Ideal  Deceleration  Stroke  versos  Impact  Velocity 
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spaced  at  appropriate  distances  along  the  length  of  the  cylinder.  Utilizing  this  technique. 
Hie  orifice  area  is  decreased  by  Hie  piston  progressing  through  the  cylinder  and  sealing  ori¬ 
fices  in  Hie  cylinder  walls. 

For  purposes  of  illustration,  assume  the  use  of  four  shock  absorbing  cylinders  for  the  20g  de¬ 
celeration  of  a  70,  000-pound  cargo  with  an  impact  velocity  of  25  feet  per  second.  If  the 
efflux  velocity  from  the  orifices  is  limited  to  200  feet  per  second,  resulting  in  a  fluid  pres  ¬ 
sure  of  270  pounds  per  square  inch,  each  piston  must  have  an  area  of  1296  square  inches,  or 
a  diameter  of  40.7  inches.  For  a  constant  20g  deceleration,  the  piston  stroke  is  4,  85  inches. 

Using  the  equations  describing  the  structural  characteristics  of  thick-walled  cylinders,  it  is 
possible  to  estimate  the  weight  of  the  shock  absorbing  system.  If  the  piston  and  cylinder  are 
made  of  medium  carbon  steel  and  water  is  used  as  the  working  fluid,  the  weight  of  each  shock 
absorber  is  about  260  pounds.  Thus,  the  total  weight  of  the  active  components  is  1040 pounds. 
This  value  does  not  include  the  weight  of  structural  components  required  to  transmit  the  im¬ 
pact  velocity  to  Hie  piston,  secure  the  cylinders  to  the  cargo  platform,  and  distribute  the 
forces  over  the  platform  area. 

It  is  estimated  that  the  total  system  weight  would  be  greater  than  the  weight  of  Hie  active 
components  by  a  factor  between  two  end  three.  Thus  the  total  system  weight  would  be  be¬ 
tween  2000  and  3000  pounds,  or  from  6  to  9  times  the  weight  of  paper  honeycomb  required 
under  these  impact  conditions. 

Although  it  is  possible  to  use  hydraulic  shock  absorbers  for  impact  attenuation  in  the  aerial 
delivery  of  heavy  payloads,  such  an  application  incurs  a  significant  weight  penalty  as  com¬ 
pared  to  cushioning  techniques  currently  in  use.  |  In  addition,  such  c  system  requires  exten¬ 
sive  structural  modification  of  the  cargo  platfomt  and  demonstrates  high  sensitivity  to  varia¬ 
tions  in  platfonn  attitude  at  impact. 

Displacement  Type  Pneumatic  Shock  Absorber  (Airbag) 

General  -  In  current  pneumatic  cushioning  systems,  airbags  are  utilized  in  cylindrical  or 
barrel-shaped  configurations  which  collapse  for  storage  under  the  cargo  platform.  Upon 
extraction  of  the  cargo  from  the  aircraft,  the  airbags  are  allowed  to  exter .  under  the  force 
of  gravity.  The  airbags  fill  with  air  at  atmospheric  pressure  as  Hie  ey**»is'  n  occurs. 

Upon  contact  with  H»e  ground,  air  is  compressed  and  forced  through  or,  »ces  of  suitable  size 
as  the  airbag  volume  is  decreased.  The  pressure  of  .the  air  confaire*  in  the  airbag  generates 
the  decelerating  force  applied  to  the  cargo  platform. 

Results  and  Conclusions  -  On  a  weight  basis,  airbag  decelerating  sys.ems  compare  favorably 
with  systems  utilizing  the  structural  deformation  of  honeycomb  materials.  In  addition,  since 
Hie  airbags  collapse  for  storage,,  'volume  requirements  of  airbag  deceleraiors  are  similar  to 
ihose'for  honeycomb  materia  Is,  Disadvantages  inherent  in  the  employmentofairbapdecelera- 
tors  Include  an  extremely  long  deceleration  stroke  and  sensitivity  to  Itorizontal  velocity  and 
platfonn  attitude.  Utilization  of  airbag  accelerators  for  the  cushioning  of  payloads  in  the 
35,000  to  70, 000-pound  range  requires  airbag  pressures  aporoxir.totely  twice  as  great  as  any 
previously  used,  with  a  corresponding  increase  in  the  weight  of  construction  materials.  An 
absolute  determination  of  the  operational  characteristics  of  airbags  designed  for  heavy  pay- 
loads  can  be  obtained  only  through  experimental  investigations.  However,  on  the  basis  of 
current  test  results  applicable  to  light  payloads,  airbag  dacslerafors  appear  to  be  inferior  k. 
cushioning  techniques  utilizing  »<e  structures. 
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Ano lysis  -  Several  series  of  tests  (Reference  16)  have  been  conducted  to  demonstrate  the 
feasibility  of  pneumatic  shock  absorbers,  with  mixed  results.  Vests  conducted  previously 
utilized  airbags  designed  for  payload  weights  significantly  below  the  35,000  to  70,000- 
weight  range  of  Interest  in  this  study,  and  therefore  may  be  of  questionable  applicability. 
However/  approximate  operational  characteristics  of  airtxig  decebraiors  may  be  obtained 
from  these  test  results. 

Major  problems  inherent  In  airbag  decelerating  systems  are  the  long  deceleration  stroke, 
sensitivity  to  horizontal  velocity  and  platform  attitude,  and  the  relatively  high  air  pressure 
required  for  heavy  payloads. 

Due  to  the  compressibility'  of  air,  a  large  fraction  of  the  total  airbag  shake  is  required  to 
build  up  the  necessary  internal  pressure  to  begin  d.  teleration  of  the  payload.  Thuv,  the 
deceleration  rate  varies  throughout  the  stroke.  Co  ."•equently,  the  deceleration  distance  is 
much  greater  than  the  ideal  value  obtained,  from  a  cor-stant  deceleration  rate.  Test  results 
indicate  that  deceleration  strokes  for  airbags  range  from  two  to  five  times  the  ideal  value, 
depending  upon  airbag  design.  The  primary'  disadvantage  of  this  characteristic  is  that  if 
Increases  the  Slight  of  the  cargo  cerster-of-gravity  during  the  early  portion  of  the  decelera¬ 
tion,  thus  incre^«fi  the  tenehney  of  the  cargo  to  topple. 

Airbag  performance  is  predictable  only  when  compression  forces  are  applied  evenly  in  the 
direction  of  the  bag  axis.  Airbagji  are  therefore  rather  sensitive  fa  cargo  horizontal  velo¬ 
city  and  the  attitude  of  the  cargo  platform  upon  ground  contact.  Airbags  have  been  ob¬ 
served  to  shear  or  buckle  under  conditions  attending  moderate  horizontal  velocities  and 
deviation  of  Hie  platform  from  horizontal . 

Utilization  of  airbags  for  deceleration  of  payloads  in  the  35, 000  to  70, 000-pound  range 
requires  ail  pressures  appreciably  higher  than  those  currently  employed.  Assuming  a  9  x 
56-foot  platform  for  a  70,000-pound  cargo,  it  is  passible  to  attach  54  airbags  with  3-foot 
diameters  to  the  platform.  The  total  area  over  which  force  Is  applied  is  about  1520  square 
feet.  For  deceleration  at  the  rate  of  2Qg,  on  average  pressure  of  26.8  pounds/inch2  ;s 
required  in  each  bag.  This  Is  significantly  greater  than  the  average  pressures  of  6  to  15 
pounds/inch^  used  in  current  airbag  designs.  It  Is  anticipated  that  airbags  capable  of  opera¬ 
ting  under  pressures  In  the  required  range  could  be  designed.  However,  their  construction 
would  require  the  uso  of  heavier  materials  whose  lack  of  flexibility  would  possibly  pre¬ 
clude  extension  of  the  airbags  by  gravity,  in  such  a  ease,  bag  extension  oouid  be  accom¬ 
plished  by  pre-pressurization  utilizing  compressed  air  or  small  explosive  charges. 

Airbag  performance  may  be  improved  by  incorporating  changes  designed  to  decrease  the  re¬ 
quired  deceleration  stroke  and  sensitivity  to  horizontal  velocity  and  platform  attitude.  Sug¬ 
gested  changes  include  pre-pressurization  of  airbags,  use  of  compartmenfod  airbags,  and  use 
of  variable  diameter  orifices.  However,  airbags  utilizing  such  improvements  have  not  yet 
been  demonstrated. 

Turbuient  Drag  Hydraulic  Brake 

General  -  A  braking  system  based  on  turbulent  drag  effects  utilizes  the  resistance  of  fluid 
medrato  the  motion  of  high-drog  configurations.  Such  a  system  designed  for  cargo  decelera¬ 
tion  during  impact  assumes  the  form  of  one  or  more  multi- varied  roter-siator  combinations 
immersed  in  the  working  fluid.  Appropriate  mechanical  linkages  are  required  to  translate 
the  vertical  moiten  of  the  cargo  into  motion  of  the  rotors. 
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Result*  and  Conclusions  -  A  turbulent  drag  hydiaulic  broking  system  capable  e?f  decelera¬ 
ting  a  70, dM-pcorttfcargo  with  an  Impact  velocity  of  25  feet/second  at  the  rate  o(  20  g 
require*  ar.  active  surface  area  of  approximately  2400  square  feet.  The  weight  and  volume 
of  a  system  hav.ng  an  area  of  this  size  aw  obviously  excessive  for  use  in  aerial  delivery 
operations.  The  range  of  operating  conditions  for  which  systems  utilizing  fluid  drag  are  ef¬ 
ficient  energy  absorbers  does  not  include  those  attending  the  impact  phase  of  aerial  delivery. 

Analysis  -  For  o  generalized  fluid  drag  braking  system,  the  force  on  o  surface  of  area  A  and 
velocity  v,  moving  through  a  fluid  of  density  jj  ,  is  givsn  by 

F  «  CdA(  -L  pv2)  (51) 


Assuming  a  dreg  coefficient  of  1,  a  velocity  of  25  feet  per  second,  and  water  as  the  working 
fluid,  a  drag  area  of  2400  square  feet  is  required  for  a  system  capable  of  decelerating  a 
70, 000*pound  cargo  at  a  rate  of  20  g.  A  fluid  drag  braking  system  with  moving  surfaces  of 
such  an  area  capable  of  sustaining  the  forces  inherent  in  the  impact  phase  of  aerial  delivery 
would  be  unacceptable  due  to  both  volume  and  weight  considerations. 

Since,  for  a  given  surface  area,  the  forco  resulting  fr<-m  fluid  drag  varies  as  the  square  of 
the  velocity,  area  requirements  decrease  rapidly  with  increasing  velocities.  However, 
any  decrease  In  system  size  and  weight  resulting  from  the  use  of  a  higher  velocity  would 
be  largely  eliminated  by  the  size  and  weight  of  the  mechanism  required  to  generate  a  ve¬ 
locity  in  the  broking  system  greater  than  the  cargo  impact  velocity. 

Viscous  Drag  Hydraulic  Broke 

General  -  An  energy  absorption  system  based  on  viscous  drag  effects  utilizes  the  resistance 
To  shearing  exhibited  by  o  fluid  between  two  surfaces  In  relative  motion.  A  braking  system 
of  this  type  may  assume  the  form  of  concentric  rotating  drums  or  properly  positioned  plane 
surfaces  immersed  In  the  working  fluid.  Appropriate  mechanical  linkages  are  required  to 
translate  tho  vertical  motion  of  'he  cargo  into  relative  motion  of  the  surfaces. 
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pound  pay  load  wf  than  in  i  ti  a  I  velocity  of  25  feet/second  ot  the  rate  of  20  g  requires  a  mov~ 
ing  surface  area  of  about  2,8  x  10'  square  feet,  A  mechunism  with  an  area  requirement  of 
lids  magnitude  is  obviously  impractical  for  use  in  aerial  delivery  operations. 

Analysis  -  This  analysis  assumes  tt  generalized  viscous  drag  braking  system  comprised  of 
two  adjacent  surfaces  of  undefined  configuration  with  appropriate  mechanical  linkages  for 
transforming  tho  kinetic  energy  of  the  cargo  into  motion  of  one  of  the  surfaces.  If  fluid 
movement  between  the  surfaces  is  considered  to  be  laminar,  the  viscous  force  opposing  motion 
of  the  surface  is  given  bv 


F  “  n 


_Av 
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(52) 


when*  x  is  the  distance  between  the  surfaces. 
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For  a  braking  system  with  a  surface  separation  of  10"*  feet  utilizing  water  os  a  working  fluid, 
a  surface  area  of  2.0  x  10'  square  feet  is  required  to  decelerate  a  70,000-pound  cargo  ot 


a 

20  g. 
face. 
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This  calculation  assumes  a  constant  velocity  of  25  feet  per  second  for  the  moving  sur- 
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If  is  obvious  that  q  mechanism  possessing  such  an  area  requirement  is  not  compatible 
with  the  demands  o!  oeria?  delivery  operations,  The  required  area  can  be  reduced  by 
utilizing  a  more  viscous  wording  fluid  and  increasing  the  velocity  of  the  moving  sur¬ 
face.  However,  based  on  reasonable  values  for  these  quantities,  the  area  require¬ 
ment  cannot  be  reduced  to  an  acceptable  value. 


Mechanical  Friction  Brake 

General  -  Braking  systems  utilizing  forces  generated  by  mechanical  friction  between 
moving  surfaces  dissipate  the  cargo  kinetic  energy  in  the  form  of  heat.  The  physical 
configuration  of  systems  using  this  method  of  energy  dissipation  may  take  the  form  of 
disks,  expanding  drums,  bands,  or  rails. 


Results  and  Conclusion:;  -  A  mechanical  braking  system  capable  of  decelerating  a 
70,  cQO'poumT sarjo  with  an  impact  velocity  of  25  feet/second  at  the  rate  of  20  g 
requires  a  braking  area  of  about  i 5  square  feet.  Forces  exerted  on  the  braking  sur¬ 
faces  are  on  the  order  of  5  x  10-'  pcyrtds,  corresponding  to  a  pressure  of  over  2.3  x 
103  pounds  per  square  inch.  A  mechanical  system  providing  the  necessary  braking 
surface  area,  the  required  forces  between  braking  surfaces,  and  the  capability  of 
rapidly  adjusting  such  forces  is  considered  to  be  impractical  for  application  to  aerial 
delivery  systems. 


Analysis  ••  The  feasibility  of  utilizing  a  system  depending  upon  mechanical  friction 
for  dissipating  the  cargo  kinetic  energy  during  impact  can  be  evaluated  by  assuming 
a  generalized  braking  system.  The  specified  operational  requirements  are  indepen¬ 
dent  of  the  physical  configuration  of  the  system.  Therefore,  the  calculations  and 
discussions,  which  follow  are  generally  applicable  to  any  system  depending  upon 
mechanical  friction  for  energy  dissipation. 


The  several  problem  areas  inherent  in  this  appllccviurt  of  friction  braking  systems  re- 
.wit  from  the  following  considerations: 

o  Limited  duration  of  braking  cycle 

o  rwjgnirude  of  forces  required  on  braking  surfaces 

o  V  arlation  of  coefficients  of  friction  with  Increasing  temperature 


In  the  design  of  any  system  for  use  during  the  impact  phase  of  aortal  delivery,  a  pri¬ 
mary  goal  Is  the  minimization  of  the  vertical  dimension  ot  the  decelerating  mechanism. 
This  requirement  results  from  constraints  imposed  by  the  vertical  height  of  the  aircraft 
cargo  compartment.  Therefore,  the  deceleration  distance  and  the  attendant  decelerr.- 
tlon  time  should  approach  the  minimum  attainable  value.  Deceleration  times  corres¬ 
ponding  to  the  ideal  deceleration  distances  range  from  0.031  seconds  for  deceleration 
from  20  feef/second  to  20  g  to  0.497  seconds  for  deceleration  from  60  feet/ second  at 
5  g.  For  a  nominal  deceleration  from  25  feet/second  at  20  g,  the  deceleration  time 
Is  0.039  seconds. 
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The  brief  duration  of  the  braking  cycle  places  extremely  stringent  requirements  on  a 
friction  braking  system.  Any  mechanical  system  exhibiting  response  times  in  this 
range  is  necessarily  comprised  of  components  manufactured  to  close  tolerances.  Such 
a  system  is  inherently  expensive  and  is  riot  optimally  employed  under  the  conditions 
attending  aerial  delivery  operations.  Additionally,  the  dissipation  of  the  total  cargo 
kinetic  energy  in  this  time  period  requires  a  large  braking  surface.  As  a  first  approxi¬ 
mation,  the  required  braking  surface  area  h  given  by 


A  =  3.86  x  10 
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where p,  c„,  and  K  refer  to  the  materia!  of  which  the  heat  conducting  braking  surface  is 
made/  Assume  the  use  of  carbon  steel  braking  surfaces  with  an  allowable  temperature  in¬ 
crease  of  500°F.  For  docoleraticn  at  a  rate  of  20  g  from  on  impact  velocity  of  25  feet/ 
second,  area  requirements  range  from  7,5  square  feet  for  a  35, 000-pound  cargo  to  15  sq. 
feet  fora  70, 000-pound  cargo. 

This  application  of  a  friction  braking  system  requires  extremely  large  forces  on  the  brak¬ 
ing  surfaces.  Ths  magnitude  of  this  force  is  approximated  by 
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Post  a  braking  system  utilising  an  asbestos-fabric  brake  material  against  a  steel  surface, 
values  of  fj.  range  from  0.30  at  room  temperature  at  0, 16  at  200°F,  and  decrease  even  fur¬ 
ther  above  that  tempvraiuse.  Assuming  a  total  temperature  increase  of  500°F,  a  mean  value 
ofjp"  35  for  fi  knot  unreasonable.  Based  on  this  assumption,  forces  ranging  from  1.17  x 
10®  5b  to  9  x  10®  lb  are  required  for  the  rangy  of  parameters  considered  in  this  study.  In 
order  to  maintain  a  constant  deceleration  rate,  as  required  to  minimise  the  initial  vertical 
height  of  the  system,  the  force  applied  5c  the  braking  surfaces  must  increase  a*  the  coeffi¬ 
cient  of  friction  dec.r*t«ses. 


From  these  approximate  calculations,  it  appears  that  a  friction  braking  system  compatible 
with  the  requirements  attending  the  impact  phase  of  aerial  delivery  is  unacceptable  on 
the  basils  of  «tea,  wotght, and  cost.  A  mechanical  system  providing  the  necessary  brak¬ 
ing  surface  area,  the  required  forces  between  braking  surfaces,  and  the  capability  of 
rapidly  ©d just'S ng  such  forces.  Is  a  large,  heavy,  and  expensive  mechanism. 
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Controlled  Structural  Defbrmalion 

General  -  In  impact  attenuation  systems  utilizing  this  concept,  the  cargo  kinetic  energy  is 
absorbed  by  the  plastic  deformation  of  suitable  materials.  Cushioning  systems  may  use  a 
wide  variety  of  materials  in  diverse  structural  configurations.  Commonly  considered  materials 
include  felt,  paper,  foamed  plastics,  rubber,  and  metal.  Such  materials  inay  on  used  in  bulk 
form,  as  a  honeycomb,  or  in  a  number  of  geometrical  shapes. 

Results  and  Conclusions  -  Several  materials  exhibit  properties  compatible  with  the  require¬ 
ment  j  ofcushi on i rty  heavy  payloads  for  aerial  delivery.  Among  these  materials  are  paper 
honeycomb,  corrugated  paper,  aluminum  honeycomb,  and  foamed  plastics.  While  both 
corrugated  paper  end  aluminum  honeycomb  are  more  efficient  energy  absorber;  on  a  weight 
basis,  paper  honeycomb  exhibits  more  predictable  stress-strain  characteristics  and  is  thus 
better  suited  to  the  cushioning  of  frangible  payloads.  The  weight  ratio  for  a  UB-3  paper 
honeycomb  impact  attenuation  system  at  on  impact  velocity  of  25  feet/secor»d  is  0.005. 

Thus,  only  350  pounds  of  honeycomb  a-e  required  for  the  deceleration  of  a  70, 000-pound 
pay  load. 

Analysis  -  The  suitability  of  deformable  materials  for  use  as  energy  absorbers  can  bo  deter¬ 
mined  IT  the  stress-strain  characteristics  of  the  materials  are  known.  The  stress-strain  curve 
includes  the  most  fundamental  items  of  Information  concerning  the  suitability  of  a  material 
for  use  as  an  energy  absorber  and  thus  as  a  cushioning  material.  The  stress-strain  curve  for 
UB-3  paper  honeycomb  is  shown  in  Figure  31, 


The  stress-strain  curve  provides  the  following  information: 


o  The  maximum  stress  encountered  over  a  given  Interval  of  strain, 

o  The  shape  of  the  stress-strain  curve.  The  ideal  curve  Is  one  in  which 
the  stress  remains  constant  at  all  levels  of  strain. 

o  The  maximum  strain  to  which  a  material  may  be  deformed  without  In¬ 
ducing  excessively  high  stresses, 

o  The  energy  absorbed  per  unit  volume  of  material.  This  quantify  permits 
determination  of  the  volume  of  cushioning  required  for  a  specific  mass 
at  a  given  impact  velocity. 

o  The  average  stress  encountered  over  a  given  intorvai  of  strain. 

o  The  rebound  energy,  It  is  this  elastic  energy,  stored  in  the  material 
at  the  bottom  of  the  cushioning  stroke,  which  causes  file  dropped  Item 
to  bounce.  Energy  storage  characteristics  may  limit  the  usable  stroke 
of  cushioning  materials. 


In  forms  of  these  quantities,  the  weight  of  cushioning  material  required  is 


W  -v.J 
c  I 


w  rP  *  -jp 


(55) 


one!  the  initial  vertical  thickness  of  cushioning  material  is 

<•  .2 


<-S~) 


°  €  $  2g(n+1) 


(56) 
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$n<sr«ciitn0  Strain 


35  *  Dynamic  Strain# 


Strain 

-  Strain  Cu*vs  for  UB-3  Paf*^  Honeycomb 


The  ratio  of  initial  vertical  thickness  to  Ideal  deceleration  stroke  is  given  by 


where 


s  S 

-2- =(-?-)  (-^-) 
s  £S  n  +  1 


(57) 


Wj  =  Weight  of  Cushioning  Material  Lbs 
Wc  =  Cargo  Weight  Lbs 

Vj  “  Impact  Velocity  FPS 

ft  -  Density  of  Cushioning  Material  Lbs/ Ft^ 

F:,  =  Energy  Absorbing  Capability  of  Cushioning  Material  FT  LBS/FT^ 

3 

Sm  =  Maximum  Compressive  Stress  of  Cushioning  Material  Lbs/Ft 

■j  =5  Average  Compressive  Stress  Over  Useable  Stroke  of  Cushioning 
Material  Lbs/FK 

€  *  Useable  Degree  of  Compression  of  Cushioning 

Material  *  £SiSE!25gf.?."-§!g!g. 

Original  Weight 


Those  rolations  indicate  that,  for  given  impact  conditions,  the  w&lght  of  cushioning  mate¬ 
rial  required  Is  decreased  by  using  materials  with  large  values  of  (E/  p  ).  Minimization 
of  the  ratio  (s^s)  requires  the  use  of  a  material  for  v/hich  the  quantity  (S^/  €  S)  is  smal!i. 


Table  V,  derived  from  data  In  Reference  17,  shows  characteristics  of  common  bulk  materials 
which  absorb  energy  through  structural  deformation.  This  table  Indicates  that  corrugated 
paper,  paper  honeycomb,  foamed  plastics,  and  aluminum  honeycomb  exhibit  properties  de¬ 
sirable  for  Impact  attenuation. 


Am  Ai\A4>rtw  nkfAmtUn  frhvrt1 i/iit  rtf  knnfAnnls.  It  is  njso  Double 

n»  Uf/^VUOU  #\r  urvivi  irnvv^tf  t'iv  ,  w  «■  p,UCJ  “ 

to  employ  various  structural  shapes  for  energy  absorption.  Representative  shapes  and  corres¬ 
ponding  energy  absorption  characteristi.  taken  from  References  1 5  and  10,  are  illustrated 
in  Table  VI,  Comparison  of  Tables  V  arvJ  VI  indicates  that,  on  the  basis  of  energy  absorbed 
per  unit  weight,  the  crumpling  of  mefa!  cylinders  1$  more  efficient  than  the  structural  defor¬ 
mation  of  bulk  materials. 


In  application,  the  theoretical  onorgy  efficiency  of  structural  shapes  is  not  realized.  Since 
such  shapes  tend  to  concentrate  decelerating  forces  at  a  few  points  on  the  cargo  platform, 
additional  structural  members  are  required  to  strengthen  the  platform  and  distribute  the  load¬ 
ing.  When  bulk  materials  are  utilized' for  impact  cushioning,  such  modifications  are  not  re¬ 
quired.  In  addition,  energy  absorption  characteristics  of  shaped  absorbers  are  very  sensitive 
to  horizontal  velocity  and  platform  attitude. 

Based  on  these  considerations,  bulk  cunhioning  materials  appear  to  b©  mor®  adaptable  to. 
aerial  delivery  operations  than  shaped  energy  absorbers.  Of  the  candidate  bulk  cushioning 
materials,  paper  honeycomb  is  most  adaptable  to  the  requirements  of  Impact  attenuation. 
While  both  corrugatea  paper  and  aluminum  honeycomb  are  more  efficient  energy  absorbers 
on  a  weight  basis,  paper  honeycomb  exhibits  more  predictable  stress-strain  characteristics 
end  is  thus  better  suited  to  the  cushioning  of  frangible  payloads, 
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TABLE  V 

CHARACTERISTICS  OF  BULK  ENERGY  ABSORBING  MATERIALS 


E 


H 

t 

P 

5 

m 

Lb 

e 

$ 

Ft  *  Lb 

Ft  •  Lb 

Material 

ft! 

€ 

Lb/Ft2 

Lb/Ft2 

Ft3 

Lb 

€  S 

Black  Pcckit  "C" 

5.5 

.7 

11,000 

2,580 

2,580 

470 

4.26 

Celotex  No.  2 

18.7 

.48 

40,000 

23,000 

11,400 

610 

3.51 

Corrugated  Paper 

4.65 

.7 

21,000 

17,000 

11,900 

2.560 

1.77 

Kimpak 

8.8 

.7 

2,500 

1,500 

1,050 

119 

2.38 

NuWciod 

17.8 

.6 

200,000 

100,000 

60,000 

3,360 

3.36 

UB-3  Paper 

Honeycomb 

2.94 

.7 

10,500 

8,500 

5,960 

2,030 

1.76 

Wood 

38.0 

.3 

440,000 

250,000 

75,000 

1,970 

5.86 

Felt 

13.9 

.7 

38,000 

9,300 

6,500 

468 

5.85 

Nukraft 

2.5 

.4 

1,000 

500 

200 

80 

5.00 

Rubatex  Hardboard 

4.5 

.7 

15,000 

9,300 

6,500 

1,450 

2.30 

Shredded  Foam 

Rubber 

5.9 

.7 

3,000 

1,000 

700 

119 

4.29 

Tu  latex 

1.7 

.7 

1,000 

500 

250 

147 

4,00 

Armcfoam 

2.5 

.7 

3,000 

1,000 

700 

280 

4.29 

Durafoam 

2.5 

.7 

3,000 

1,000 

3001 

120 

10.0 

Dylite 

3.0 

.5 

9,000 

5,500 

2,750 

920 

3.28 

Emolste 

6.4 

.5 

2,500 

l,00v 

500 

78 

5.00 

Foam  King 

8.9 

.3 

1,C00 

500 

150 

17 

6.66 

H-R  Fc*'-is  n 

2.72 

,6 

7,500 

3,340 

2,00C 

735 

3.75 

Lockfoam 

5.13 

.7 

7,000 

2,140 

1,500 

292 

4.66 

Silicone  Resin 

4.59 

.7 

8,000 

3,120 

2,250 

490 

3.56 

Stafoam 

/"VI  AC^.1  C 

3.22 

'i  n 

.7 

-7 

7,000 

Art  rtrtrt 

4,300 

3,000 

932 

2.33 

viyiwivuin  vx  1  VW  0 

Urefoam 

o«  u 

2.48 

♦  / 

.7 

^/WU 

15,000 

!  s  £0\J 

6,600 

9, 960 
4,600 

J, ’ioO 

1,850 

2.20 

3.26 

URF 

2.5 

.4 

1,500 

1,000 

400 

160 

3.75 

Fiberglass 

9,9 

.4 

7,500 

3,120 

1,250 

127 

6.00 

Lt.  Wt,  Concrete 

15.1 

.5 

16,000 

9,000 

4,500 

298 

3.56 

Aluminum  Honey" 

comb 

2.7 

.7 

18,000 

14,000 

9,800 

3,630 

1.84 

Steal  Honeycomb 

6.73 

.3 

34,000 

22,000 

6,600 

980 

5.15 

CHARACTERISTICS  OF  SHAPED  ENERGY  ABSORBERS 
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Figures  32  and  33  describe  impact  system  requirements  when  UB-3  paper  honeycomb  is  used 
as  a  cushioning  material.  Figure  32  shows  the  system  weight  ratio  as  a  function  of  impact 
velocity.  In  Figure  33,  i.he  initial  cushion  thickness  is  given  as  a  function  of  cargo  decel¬ 
eration  rate  and  impact  velocity. 


Soil  Deformation 

General  -  Dissipation  of  the  cargo  kinetic  energy  through  deformation  of  soil  by  suitably 
shaped  penetrating  probes  attached  to  the  cargo  platform  was  considered  cc  possible  means 
of  impact  attenuation. 

Result  and  Conclusions  -  Soil  properties,  including  the  resistance  of  soils  to  penetration, 
vary  widely  as  a  function  of  location.  It  is  net  considered  feasible  to  utilize  soil  defor¬ 
mation  techniques  for  decelerating  frangible  payloads  in  diverse  locations  having  unknown 
soil  characteristics. 

Analysis  -  Natural  soils  exist  in  tremendous  variety  and  gradation  of  properties  and,  in  nat- 
ural  soil  profile;,  can  occui  :r»  a  wide  range  of  sequences.  Data  describing  the  resistance 
of  various  soils  to  penetration  by  foreign  objects  are  extremely  incomplete.  It  is  known, 
however,  that  resistance  to  penetration  varies  by  orders  of  magnitude  among  the  various 
types  of  soil. 

The  cargo  deceleration  is  directly  proportional  to  the  decelerating  force  v'hich,  in  this 
case,  is  the  resistance  of  the  soil  to  penetration.  Therefore,  design  of  a  system  utilizing 
this  mechanism  must  vary  as  a  function  of  soil  characteristics  In  order  to  decelerate  the 
payload  at  a  required  rate.  Due  to  the  extreme  variation  of  soil  properties,  even  within 
localized  regions,  the  performance  of  impact  attenuation  systems  based  on  soil  deformation 
is  not  likely  to  be  sufficiently  predictable  for  use  in  cerial  delivery  operations. 

Selection  of  Systems 

The  feasibility  analyses  completed  for  candidate  concepts  5n  the  several  phases  of  aerial 
delivery  provide  a  basis  for  the  f©  mulct  ion  of  complete  aerial  delivery  systems  utilizing  tire 
optimum  concept  for  each  phase.  In  this  section,  concept  characteristics  are  summarized 
and  evaluated  relative  to  the  capabilities  of  other  concepts  in  satisfying  established  require¬ 
ments.  Based  on  these  evaluations,  concepts  are  selected  for  ;*ach  phase  and  combined  to 
obtain  complete  aerial  delivery  systems. 

Table  VII  presents  a  comparison  of  candidate  concepts  for  employment  in  the  extraction 
phase.  In  addition  to  a  requirement  for  extensive  modification  of  the  aircra't,  the  cata¬ 
pult  extraction  concept  Is  unacceptable  due  to  excessive  weight  and  power  i  .  quirements. 
While  the  inclined  plane  and  extraction  aircraft  concepts  are  usable  in  aircraft  of  the 
C-5A  class,  neither  is  capable  of  providing  a  load  factor  of  the  magnitude  required  for 
extraction  from  the  C-141.  Of  the  concepts  considered,  only  the  parachute  extraction 
concept  is  capable  of  operation  over  the  complete  range  of  airspeed,  altitude,  and  cargo 
weight  in  a  manner  consistent  with  established  constraints. 

Concepts  considered  for  employment  in  the  descent  and  recovery  phases  are  compared  in 
Table  V55I.  As  a  general  result,  it  appears  that  passive  systems  utilizing  high-drag-aero- 
dynamic  decelerators  exhibit  greater  overall  efficiency  than  other  types  of  descent  and 
recovery  systems. 

Concepts  utilizing  active  components,  such  as  windmilling  rotors,  powered  rotors,  and  air- 
breathing  engines,  have  extremely  unfavorable  weight  ratios.  In  oddition,  such  excepts 
exhibit  high  volume  requirements  and  severe  operational  problems,  particularly  during 
deployment.  02 


CONCEPT  EVALUATION  -  EXTRACTION  PHASE 


CC'NCEPT  EVALUAj 


Nwvy  -  large  power  requirement 


Fixed  wing  aerodynamic  devices  -also  have  high  weight  ratios  and  undesirable  aperatiorsal 
limitations.  Fixed  wing  gliders  have  clear  area  requirements  for  both  landing  and  retrievel 
similar  to  those  of  powered  aircraft  of  the  same  cargo  class.  Parawing  configurations  within 
the  current  state-of-the-art  cannot  be  towed  Sn  an  unloaded  condition  at  speeds  greater  than 
about  87  knots  and  are  therefore  unsuitable  for  delivery  systems  utilizing  modern  cargo  air¬ 
craft. 

Concepts  utilizing  both  buoyancy  and  aerodynamic  forces  for  cargo  deceleration  are  less 
efficient  on  ft  weight  basis  than  simple  aerodynamic  devices.  Included  in  this  class  of  con¬ 
cepts  are  balloon  and  pctravulcoon  decelerates,  The  system  weight  necessary  to  generate 
the  buoyant  characteristics  exhibited  by  such  devices  is  excessive  for  the  resulting  increase 
in  system  performance. 

Concepts  utilizing  aerodynamic  drag  forces  for  cargo  deceleration  include  ba I  lutes,  para- 
cones,  L/D  parachutes,  and  conventional  parachutes.  Dal  lutes  are  designed  for  operation 
at  high  velocities  and  exhibit  inferior  drag  characteristics  at  velocities  of  interest  in  this 
study.  Drag  characteristics  of  paracones  ore  also  inferior  to  those  of  conventional  para¬ 
chutes.  Since  they  cannot  be  clustered^  the  size  of  paracones  for  the  delivery  of  heavy 
payloads  at  low  terminal  velocities  presents  severe  operational  problems.  Similar  problems 
are  inherent  in  the  use  of  L/D  parachutes.  Due  to  aerodynamic  considerations  and  control 
problems,  L/D  parachutes  cannot  be  clustered  for  the  delivery  of  heavy  payloads.  There¬ 
fore,  the  size  of  individual  parachutes  is  extremely  large  for  heavy  cargo  weights. 

The  rocket  delivery  concept  is  not  suitable  for  long-duration  application  as  required  in  the 
descent  phase,  but  may  be  advantageously  employed  in  conjunction  with  a  descent  deceler¬ 
ated  for  rapid  cargo  deceleration  during  the  recovery  phase . 

Conventional  parachute  systems  demonstrate  favorable  weight  ratios,  volume  requirements, 
and  operational  characteristics  over  the  complete  range  of  aircraft  speeds  and  cargo  weights 
under  consideration.  Some  form  of  parachute  system  may  be  employed  for  delivery  altitudes 
ranging  from  800  to  30,000  feet.  At  altitudes  above«l?.00  feet,  parachutes  may  be  used  for 
both  the  descent  and  recovery  phases,  or  as  a  descent  decelerated  in  conjunction  with  a 
rocket  recovery  system.  Below  1200  fest,  parachutes  require  rocket  augmentation  in  order 
to  achieve  acceptable  impact  velocities. 

Table  !X  summarizes  the  characteristics  of  concepts  applicable  to  the  impact  phase  of  aerial 
delivery.  As  indicated  by  this  table,  novel  approaches  to  the  problem  of  cushioning  pay- 
loads  for  aerial  delivery  show  little  merit.  In  general,  it  ii  found  that  systems  employing 
active  components  are  not  well  suited  for  the  deceleration  of  heavy  payloads.  Mechanical 
systems  capable  of  absorbing  large  quantities  of  energy  while  varying  applied  forces  with 
sufficiently  short  response  times  are  inherently  rather  masslv®,  complex,  and  expensive.  Sys¬ 
tems  included  in  this  category  are  those  based  on  mechanical  friction  and  hydraulic  shock 
absorption . 

Systems  dependent  upon  the  relative  velocity  of  moving  components  are  extremely  inefficient 
for  impact  cushioning.  Velocity  dependent  S)  .terns,  such  as  those  utilizing  turbulent  drag  or 
viscous  orag,  are  efficient  energy  absorbers  under  steady  state  conditions  characterized  by 
relatively  high  velocities.  They  are  not  Ideal  for  use  under  the  transient,  short -duration  con¬ 
ditions  attending  the  impact  phase  of  aerial  delivery. 

On  the  basis  of  weight  and  volume  requirements,  airbag  decelerated  compare  favorably  with 
systems  utilizing  structural  deformation.  However,  there  are  a  number  of  disadvantages  in 
the  use  of  airbags  for  cushioning  heavy  payloads.  Major  problems  are  the  long  deceleration 
stroke,  sensitivity  to  horizontal  velocity  and  platform  attitude,  and  the  relatively  high  air 
pressure  required  for  heavy  payloads, 


Based  on  operational  characteristics  of  candidate  impact  attenuation  systems,  a  passive  sys¬ 
tem  utilizing  structural  deformation  of  paper  honeycomb  appears  to  be  most  readily  adapted 
to  the  requirements  of  aerial  delivery  operations.  Advantages  attending  the  use  of  this  type 
of  impact  attenuation  system  include  low  system  weight,  moderate  Sensitivity  to  variations 
in  impact  velocity  and  platform  attitude,  and  o  short  deceleration  stroke. 

Paper  honeycomb  cushioning  systems  also  exhibit  c  lower  sensitivity  to  the  horizontal  com¬ 
ponent  of  the  impact  velocity  than  other  systems  considered.  Honeycomb  is  normally  mounted 
between  the  cargo  platform  and  the  load  and  is  thus  less  influenced  by  surface  motion  than 
systems  requiring  extensions  below  the  platform. 

The  aerial  delivery  systems  dsscribea  in  Table  X  are  the  result  of  optimum  combinations  of 
concepts  selected  on  the  basis  of  evaluations  presented  in  Tables  VII,  VIII,  and  IX.  The  two 
selected  systems  permit  delivery  at  altitudes  ranging  from  800  to  30,000  feet.  Delivery  from 
altitudes  as  low  as  800  feet  is  possible  when  the  Para-Rocket  Delivery  System  is  employed. 
Conventional  Parachute  Delivery  Systems  ore  compatible  with  delivery  from  altitudes  greater 
than  1200  feet. 

Design  criteria,  performance  analyses,  and  an  evaluation  of  these  systems  will  be  presented 
In  the  following  section  of  this  report. 

TABLE  X 


SELECTED  AERIAL  DELIVERY  SYSTEMS 


PERFORMANCE  OF  SELECTED  SYSTEMS 


ThU  soctlc/rt  presents  results  from  the  performance  analysis  for  the  selected  delivery  system 
concepts!  The  approach  token  In  this  analysis  follows  closely  the  method  described  In 
Appendix  B,  Evaluation  Methodology.  For  the  C-14!  airplane,  critical  performance  re¬ 
quirements  for  the  extraction  phase  sub-systems  were  established.  For  the  C-5A  airplane, 
the  limitations  are  not  as  restrictive  as  those  for  the  C-I4I.  The  Investigations  leading  to 
these  performance  requirements  are  reported  In  Appendix  A,  from  which  specific  design 
data  wore  selected  for  use  in  this  section.  Other  system  design  data  Used  In  this  section 
were  taken  from  appropriate  parts  of  the  concept  feasibility  analysis  sbction.  The  section 
Is  divided  Into  the  following  parts; 

o  System  Description 

o  Selection  of  Design  Points 

o  System  Design  Data 

o  Scope  of  Performance  Evaluation 

o  Results  of  Performance  Evaluation 


System  Description 


Faro-rocket  System 

The  selected  para-rocket  system,  shown  In  Figure  34,  consists  of  the  following  components: 
o  Combined  extraction  and  descont  control  parachute 
o  Recovery  rocket  assembl  y 

o  Rocket  Ignition  and  extinction  sensing  elements  attached  to  tho  drop  load 
platform 

o  Shock  absorber  material  for  impact  shock  alleviation 

The  extract! on/descont  control  parachute  should  be  a  low  opening  shock  parachute  capable 
of  extracting  the  load  from  the  airplane  with  an  Initial  peak  extraction  load  factor  In  the 
range  1 .4  -  2.  0  g.  If  lower  value*  for  the  extraction  load  factor  are  required  for  operation¬ 
al  reasons  peculiar  to  the  airplane,  <s  separate  descent  control  chute  may  be  deployed  after 
extraction.  This  chute  should  be  slated  to  permit  Hie  load  to  descend  at  the  rate  ot  150-175 
feet/second. 

The  recovory  rocket  assembly  consists  of  a  cluster  of  an  even  number  of  rocker  units  arranged 
symmetrically  around  a  "back-bone"  structure,  with  nozzles  canted  00  degree*  down  and  out 
from  the  backbone  axlt.  The  upper  end  of  the  back-bone  |s  attached  to  the  apex  of  the 
parachute  riser  line*.  The  lower  end  of  the  back-bone  contains  a  fitting  to  which  Is  attached 
either  the  apex  of  the  drop  cargo  suspension  lines,  or  a  riser  attached  to  the  suspension  lino 
apex.  The  distance  between  the  rocket  nozzle  plan©  and  the  drop  cargo  sheulaf  bo  on  the 
ardor  100-120  feet.  The  rocket  cluster  must  posses*  electrically  Initiated  Igniters  and  ex¬ 
tinction  devices.  The  latter  may  consist  of  electrically  fWd  blow-ports  for  relieving  the 
chamber  pressure . 
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Th®  sensing  elements  of  the  rocket  ignition  and  extinction  control  system  may  consist  of 
sounding  lines  with  plumb  bobs  which  are  deployed  from  the  cargo  platform  upon  completed 
extraction  or  deployment  of  the  descent  control  parachute.  The  deployment  actions  for  the 
sensing  devices  also  serve  to  arm  the  ignition  and  extinction  circuits.  A  possible  arrange¬ 
ment  involves  three  sensing  elements  with  different  sounding  line  lengths.  The  longest  line 
activates  the  rocket  ignition  upon  ground  contact  of  the  plumb  bob.  Ground  contact  of  the 
next  longest  line  activates  the  extinction  circuits  for  half  of  the  rocket  units,  the  extin¬ 
guished  units  being  arranged  symmetrically  about  the  back-bone  axis.  Finally,  ground  con¬ 
tact  of  the  third  sensor  activates  the  extinction  circuits  for  the  remaining  still  active  rocket 
units  immediately  prior  to  platform  impact.  The  deployed  lengths  of  the  three  feeler  lines 
are  adjusted  to  achieve  the  correct  deceleration  program  for  the  cargo  weight,  rocket  size 
and  parachute  equilibrium  speed  combination. 

The  platform  impact  shock  absorbing  material  may  be  of  conventional  paper  honeycomb. 
Parachute  System 

The  parachute  system  might  be  adapted  for  operation  in  two  modes: 
o  Conventional  mode 

o  High  speed  descent  and  low  level  recovery  mode 
For  operation  In  the  conventional  mode,  the  system  consists  of  the  following  components: 
o  Extraction  parachute 
o  Main  descent  parachute  cluster 

o  Drop  cargo  platform  with  impact  shock  alleviating  material 

For  operation  in  the  high  speed  descent  mode  the  system,  an  shown  in  Figure  35,  consists  of 
components  as  follows: 

o  Combined  extraction  and  descent  control  parachute 

o  Altitude  sensor  or  timing  device  for  controlled  release  of  descent  control 
parachute  along  with  deployment  of  main  recovery  parachute  cluster 

o  Main  recovery  parachute  cluster 

o  Cargo  platform  with  impact  shock  alleviating  material 

Alternatively,  the  high  speed  descent  mode  can  also  be  achieved  by  suitably  reefed  de¬ 
ployment  of  the  main  parachute  cluster  immediately  following  cargo  extraction,  with  chute 
disreefing  being  triggered  by  signals  from  a  time  or  altitude  sensor. 

The  extraction  parachute  should  be  a  low  opening  shock  parachute  capable  of  extracting  the 
cargo  from  the  airplane  with  an  Initial  peak  load  factor  of  1.4  -  2.0  g. 

For  operation  in  the  conventional  mode,  and  for  recovery,  the  main  parachute  battery  may 
consist  of  a  cluster  of  preferably  not  more  than  eight  parachutes  sized  to  afford  o  sea- 
level  equllibirum  descent  velocity  of  25  feet/second. 
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For  operation  in  the  high  speed  descent  mode,  the  descent  control  parachute,  or  the  degree 
of  reefing  of  the  main  parachute  cluster,  should  ho  adjusted  to  afford  a  sea-level  equilib¬ 
rium  descent  velocity  in  the  range  of  S59  -  175  feet/ second. 

The  platform  impact  shock  absorbing  material  may  he  the  same  as  for  the  pora-rocket  sys¬ 
tem. 


Design  Point  Se  lection 

Selection  of  system  design  points  is  partly  predicated  on  capability  limitations  for  the  spe- 
cefic  airplane  to  which  the  system  is  applied,  and  partly  predicated  an  capability  limita¬ 
tions  inherent  In  the  system  Itself.  The  following  is  a  discussion  of  the  design  point  selec¬ 
tion  with  reference  to  these  limiting  foe  tors., 

Aircraft  Limitations 

Figure  7  shows  the  average  extraction  load  factor  required  for  the  C— 141  airplane  in  order 
that  the  airplane  pitch  angle  excursion  due  to  cargo  motion  should  not  cause  the  airplane 
design  loads  to  be  exceeded.  The  required  average  extraction  load  factor  increases  with 
cargo  weight  and  aircraft  flight  speed. 

Previous  experience  with  the  0130  and  the  014!  airplanes  has  shown  that  excessive  ex¬ 
traction  load  factors,  although  desirable  and  permissible  from  the  standpoint  of  airplane 
flight  safety,  lead  to  undesirably  violent  pitching  motion  of  the  drop  cargo  after  extraction. 
A  reasonable  compromise  appears  to  be  afforded  by  an  average  extraction  load  factor  of 
about  1.5. 


Using  this  value,  a  crass-plot  is  presented  in  Figure  36,  which  shows  the  relation  between 
permissible  cargo  weight  and  airplane  flight  speed  at  extraction,  along  with  the  cargo 
weight  and  airplane  flight  speed  ranges  specified  for  the  study.  For  the  C-5A  airplane, 
the  maximum  drop  cargo  weight  is  limited  by  specification  to  50,000  pounds,  with  no 
weight  or  speed  limitations  within  this  range. 


As  is  illustrated  iri  Figure  36,  the  permissible  speed  range  for  the  C— 141  is  extremely 
marrow,  for  the  highest  drop  cargo  weight,  but  widens  as  the  cargo  weight  decreases.  Any 
delivery  system  designed  for  multi -aircraft  compatibility  must  necessarily  satisfy  require¬ 
ments  imposed  by  the  "critical"  aircraft.  In  addition,  sine©  system  performance  rather  tends 
to  a  slight  degradation  with  increase  in  aircraft  speed,  the  following  design  points  have 
been  selected  for  the  purpose  of  system  performance  analysis: 


Cargo  Gross  Weight 
Range  -  Pounds 


Airplane  Speed  at 
Extraction  -  Knots 


35,000  -  50,000 


150 


50,000  -  70,000 


130 


Design  average  extraction  l.qpd  factor  ne  =1.5 

System  Limitations 

The  only  limitation  imposed  on  the  design  point  selection  by  system  features  is  concerned 
with  specification  of  Hie  minimum  drop  altitude;  i.e.,  the  minimum  flight  altitude  for 
cargo  extraction. 
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For  the  para-rocket  system „  this  altitude  depends  on  the  acceptable  magnitude  of  the 
horizontal  impact  velocity  component,  as  is  shown  in  Figure  37,  Assuming  that  a  value  of 
15  feet/second  can  be  tolerated,  the  minimum  drop  altitude  is  as  follows: 


Cargo  Weight  Minimum  Drop 

Range  -  bounds  Altitude  -  Feet 


35,000  -  50,000  1100 


50,000  -  70,000  900 


For  the  parachute  system.  Hie  minimum  drop  altitude  must  be  equal  to  or  greater  than  the 
cargo  drop  distance  during  the  main  parachute  cluster  deployment  and  inflation  period. 

Figure  38  shows  these  quantities  as  evaluated  by  r.eans  of  a  computer  program  developed 
from  the  equations  given  in  Reference  4. 


The  reason  for  the  apparent  incongruities  in  the  attitude  loss  components  shown  in  Figure 
38  lies  in  the  particular  combinations  of  aircraft  speed  at  extraction  and  extraction  load 
factor  used  in  the  evaluation.  These  combination,  shown  in  Table  X,  were  on  one  hand 
predicated  on  the  requirements  for  minimum  average  extraction  load  factor  mentioned 
earlier,  and  on  the  other  hand  on  the  requirement  for  standardized  components  in  a  simu¬ 
lated  operational  system.  The  most  unfavorable  combination  yields  a  total  deployment 
and  inflation  altitude  loss  of  1040  feet.  This  assessment  has  a  certain  built-in  element  of 
optimism.  The  main  canopy  was  assumed  to  be  inflated  in  a  vertical  descent  condition, 
while  the  actual  trajectory  tanget  was  closer  h>  a  50°  angle  fc>  the  horizon.  This  would 
lead  to  a  somewhat  longer  inflation  time  and  a  larger  altitude  lass  during  inflation.  For 
this  reason  a  minimum  drop  altitude  of  1200  feet  was  judged  to  be  a  more  realistic  assess¬ 
ment  of  the  system  capability. 


System  Design  Data 

The  following  paragraphs  outline  the  design  data  for  the  selected  systems  to  the  level  of 
detail  required  for  inpur  to  the  performance  evaluation  model.  The  essential  features  of 
this  model  are: 


o 

o 


o 


The  drop  cargo  is  represented  css  <5  point  mass  with  no  aerodynamic  drag. 

2 

The  extraction  system  is  represented  as  a  standard  unit  of  a  (speed)  -  propor¬ 
tional  drag  device  which  may  be  deployed  singly  or  paired,  in  conjunction  with 
a  specified  extraction  floor  length, 

2 

The  descent  control  system  is  represented  as  a  standard  unit  of  a  (speed)  - 
proportional  drag  device.  For  the  parc-rccket  concept,  the  extraction  system 
also  functions  as  the  descent  control  system,  while  the  parachute  system  achieves 
descent  control  by  means  of  reefed  main  parachutes.  The  descent  control  system 
is  deployed  immediately  following  extraction.  It  is  deployed  in  clusters  of  units 
not  exceeding  eight  in  number. 


o  For  the  pcia-rocket  system  concept,  the  recovery  system  is  represented  by  a  rocket 
cluster  suspended  between  the  descent  control  system  and  the  cargo.  The  system  is 
characterized  by  propellant  specific  impulse,  thrust,  total  burning  time,  and  inert 
mass  ratio. 
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for  the  parachute  system  concept,  the  recovery  system  consists  of  a  cluster  of 
not  more  than  eight  units  of  the  sfandasd  (speed) 2  -  proportional  drag  device, 
o  The  impact  shock  alleviating  system  consists  of  an  energy  absorbing  device  pos¬ 
sessing  constant,  stroke-independent  force  characteristics. 

Para-rocket  System 

Extraction  -  The  extraction  system  design  was  based  on  the  concept  of  one  single  size  of 
extraction  porachute  accommodating  the  complete  range  of  cargo  loads.  This  parachute, 
a  47.8-foot  diameter  ring-slot  type,  will  be  used  as  shown  in  Table  XI. 

TABLE  X! 

EXTRACTION  SYSTEM  DATA 


Cargo  Weight 
Pounds 

Number  of  Extraction 
Parachutes 

Extraction 

Load  Factor 

9 

Aircraft  Speed 
Knots 

35,000 

i 

1.5 

131.5 

40,000 

i 

!  .5 

45,0 00 

1 

1.518 

50,000 

1 

1.366  (>1.277)* 

150,0 

55,000 

2 

1.680 

60,000 

2 

1.540 

65,000 

2 

1,422 

130.0 

70,000 

2 

1.32  (>1.18)* 

^Minimum  required  average  extraction  load  factor  for  cargo  weight  and  speed 
combination  -C-141  aircraft. 


The  weight  of  a  single  parachute  with  suspension  lines  is  150  pounds- ( Reference  4). 

Descent  >•  It  is  assumed  that  the  descent  control  will  ue  accomplished  by  the  extraction 
system.  The  performance  in  this  mode  is  illustrated  by  the  values  In  Table  XII. 


TABLE  XII 


DESCENT  CONTROL  PERFORMANCE  CHARACTERISTICS 


» >^TkJ ■*  iWrii uu  ,,r-  f. t 

Cargo  Weight 

N—W  Of 

Sea  Levei  Descent 
Equilibrium  Speed 

Pounds 

P<  ,utes 

Feet/Second 

35,000 

1 

179.25 

40,000 

1 

193.0 

45,000 

) 

205.7 

50,000 

1 

216.8 

55,000 

2 

169.8 

60;000 

2 

176.75 

65,000 

2 

184.70 

70,000 

2 

191.0 

Recovery  -  The  recovery  system  consists  of  a  cluster  of  rockets,  with  nozzles  canted  outward 
about  30  degrees,  sui'  nded  from  the  apex  point  of  the  descent  control  parachute  cluster. 
From  the  lower  end  or  the  rocket  cluster  assembly,  a  load  suspension  line  is  attached  which 


connects  with  the  cargo  platform  suspension  arrangement*  The  length  of  the  cargo  suspen¬ 
sion  line  is  about  160  feet.  The  recovery  system  weight,  Wr,  can  be  expressed  as 

W,  “C,Wp  +  Cj(»,  +  l)W„  (58) 

where 

C  Rocket  Gross  Weight 

I  a  Met  Rocket  Propellant  Weight 

W  =  Net  rocket  propellant  weight 

P 

C7  ~  Weight/strength  coefficient  for  load  suspenrion,  In  pounds  of  weight  per 
pound  of  load 

nf  ~  Rocket  thrust  load  factor,  T/(Wr  +  VV) 


The  rocket  propel  lent  weight,  Wp,  can  be  expressed  as 


*p 


(59) 


where 

tjj  -  Rocket  burning  time  in  seconds 

l  =  Effective  specific  impulse  for  propellant,  allowing  for 
8P  nozzle  cqnf  angje 


The  rocket  burning  time  is 


where 


Av 

g  (n_  -  ?) 


(60) 


Av  Velocity  increment  absorbed  in  recovery 


Consolidating  tf»&se  equations,,  the  following  expression  is  obtained  for  thw  recovery  sys¬ 
tem  weight  ratio 


nr  Av 

C.  ~  7T~  %<"r  *  » 


I  -  c 


Av 


(61) 


1  n  -  1  «  I 

r  ip 


Typical  state -ef  ihe -art  values  for  thrt  constants  are 

98 


C,  =  1.15 

C  =  1  413x10""^  (100-foot  nylon  webbing) 

I  =  160  (30-degree  nozzle  cant  angle) 

sp 


Figure  3 9  shows  values  for  rite  system  weight  ratio  W r/W<;  for  varying  values  of  recovery 
velocity  increment  Av  and  recovery  load  factor  nf. 

The  data  shown  in  Figure  39  indicate  that  high  values  cf  the  recovery  load  factor  would  be 
advantageous  from  a  system  weight  ratio  standpoint,  in  order  to  determine  reasonable  de¬ 
sign  parameter  values  however,  several  factors  must  be  considered.  Principal  of  these  are: 

o  Altitude  change  during  recovery 

o  Sensitivity  of  final  recovery  velocity  to  errors  in  recovery 
altitude  assessment. 

Figure  40  shows  the  variation  of  altitude  loss  during  recovery  as  a  function  of  recovery 
velocity  increment  Av  and  recovery  load  factor  nr«  The  recovery  altitude  loss  decreases 

with  increasing  n  ,  although  the  rate  of  recovery  altitude  reduction  also  decreases  with 

increasing  nr> 


Since  the  action  of  the  recovery  system  is  triggered  by  a  ground  proximity  signal  which  is 
preset  for  a  specific  recovery  altitude,  the  sensitivity  of  the  final  recovery  velocity  to 
errors  in  recovery  altitude  setting  is  important.  A  low  sensitivity  is  desirable.  Figure  41 
shows  the  variation  of  the  sensitivity  coefficient  dvj/d(  A  h)  with  variations  in  recovery 

velocity  increment  Av  and  recovery  load  factor,  nf.  The  sensitivity  is  lowest  for  low 
values  of  nf  and  increases  with  increasing  values  of  n  .  Within  the  velocity  range  of 
principal  interest,  the  sensitivity  is  about  50  percent  greater  for  nr  =  4,0  than  for  nf  =*3.0. 
For  this  reason,  end  because  the  recovery  altitude  range  for  nr  =  3.0  is  considered  accept¬ 
able,  a  value  cf  n_,  ~  3,0  has  been  selected  cs  basis  for  the  performance  evaluation. 


In  order  to  present  a  realistic  picture  of  the  system  performance,  a  modular  concept  was 
assumed.  The  characteristics  of  this  unit  are; 

Thrust,  T  =  27,000  pounds 

Burning  time,  =  2.’ 57 seconds 

Total  impulse,  I  =  61,750  pound  •  seconds 

The  cluster  assembly  characteristics  for  the  various  drop  cargo  weights  are  as  shown  In 
Table  XIII .  The  last  two  columns  are  based  on  the  cargo  weight  and  equilibrium  descent 
velocities  ehvviv  in  Table  XII, 


99 


A  v  -  Ft/Sec 


Figure  40  -  Variation  of  Recovery  Altitude  Increment  with  Recovery  Velocity 

Increment  and  Recovery  Load  Factor  =  Panwocket  Recovery  System 


TA4LE  XUS 

ROCKET  CLUSTER  CHARACTERISTICS 


Cargo 

Number 

Rocket 

Cargo  Impulse  Range 

Weight, 

of 

Load 

Cluster  [impulse. 

_ Pound* 

Seconds 

Pound- 

Modules 

Factor 

Pound  *  Seconds 

0  FPS 

25  F  PS 

35,000 

4 

3.087 

247,000 

258,000 

220, 300 

40,000 

5 

3.376 

308,700 

314,000 

270,750 

45,000 

6 

3.600 

370,300 

373,600 

325,000 

50,000 

7 

3.78 

432,000 

436,000 

382,100 

55,000 

6 

2.947 

370,300 

380,700 

320,700 

60,000 

7 

3.149 

430,000 

433,000 

367,400 

65,000 

0 

3.327 

430,000 

486,400 

416,000 

70,000 

8 

3.087 

494,000 

542,200 

466,300 

These  values  were  used  for  Hie  performance  evaluation. 

Impact  -  The  impact  attenuation  system  is  assumed  to  consist  of  paper  honeycomb  padding 
on  the  cargo  platform  in  an  amount  designed  to  accommodate  a  25  fool/second  vertical 
impact  velocity  at  an  impact  load  factor  or  tt  -  20. 0„  This  corresponds  to  a  required 
thickness  for  the  honeycomb  padding  of  about  <5  inches. 

Parachute  System 

The  parachute  system  was  based  on  a  modular  concept  in  order  to  accommodate  the  wide 
range  in  cargo  weights  with  a  minimum  number  of  different  components  required  in 
inventory. 

Extraction  -  Since  the  performance  requiiemenb  for  this  system  are  determined  by  aircraft 
limitations,  the  same  extraction  system  will  be  used  css  was  described  for  the  para-rocket 
system,  above. 

Descent  end  Recovery  -  This  system  is  based  on  a  143 .5-foot  flat  canopy  reefable  para¬ 
chute  as  the  standard  building  block.  In  the  descent  control  mode,  this  parachute  is  de¬ 
ployed  reefed  in  clusters  of  from  four  to  eight  parachutes  depending  on  the  weight  of  the 
cargo.  The  degree  of  reefing  is  adjusted  to  achieve  a  sea  level  terminal  velocity  of  about 
175  feet/second. 


The  number  of  parachutes  is  shown  in  Table  XIV. 

Weights  for  the  parachute  system  are  as  follows: 

Extraction  W  =  150  paunch  (per  chute) 

Descent  and  Recovery  W  =  561  pounds  (per  chute) 

(Including  riser  lines) 


Impact  -  Tho  impact  attenuation  system  is  assumed  to  be  identical  to  that  used  for  the 
para-rocket  system.  iao 


TABLE  XIV 

PARACHUTE  CLUSTER  CHARACTERISTICS 


Cargo. Weight 

Pounds 

Number  of  Parachutes 
in  Cluster 

Sea- Level 

Equilibrium  Velocity 
Feet/Second 

35,000 

4 

25.0 

40,000 

5 

23.9 

45,000 

6 

23.13 

50,000 

6 

24.40 

55,000 

7 

23.66 

60,000 

7 

24.72 

65*000 

8 

24.10 

70,000 

8 

25.0 

Scope  of  Performance  Evaluation 


The  extraction,  descent  and  recovery  plwse  characteristics  for  the  two  s/stems  were  explored 
by  means  of  cargo  drop  simulations  performed  on  automatic  digital  computing  equipment. 

The  drop  conditions  were  set  up  for  altitudes  from  1000  feet  to  30,000  feet,  for  cargo 
weights  varying  in  5000-pound  increments  within  the  range  from  35,000  pounds  to  70,000 
pounds,  and  with  aircraft  flight  speeds  and  peak  extraction  load  factors  assigned  to  be  com¬ 
patible  with  the  aircraft  limitations  described  in  the  section  on  Design  Point  Selection.  The 
scope  of  the  performance  analyses  is  shown  in  Table  XV. 

In  addition,  the  expected  values  for  the  drop  precision  in  terms  of  root-mean-square  miss 
distances  were  determined  for  all  cargo  weights  for  drops  from  1500,  15,000,  and  30,000 

£ _ A 

roci  a 

Results  of  Performance  Evaluation 
Extraction  System  Performance 

The  extraction  system  performance  is  characterized  by: 
o  Duration  of  extraction  period 
o  Cargo  exit  velocity  from  the  airplane 
o  Cargo  airspeed  after  extraction 

o  Cargo  ground  travel  during  extraction 


The  variation  in  cargo  extraction  time  with  flight  altitude  from  zero  to  30,000  feet  is  shown 
in  Figure  42  for  all  cargo  weights  within  the  specified  range.  There  is  a  genera!  tendency  for 
the  extraction  time  to  decrease  with  increasing  flight  altitude  .  The  reason  for  this  tendency 
is  that  the  relative  reduction  of  extraction  parachute  true  airspeed  during  the  extraction  period 
is  less  at  high  altitude  than  at  loweraltitude$(tixie  airspeed  ~  indicated  airspeed  x  CT~  */2), 
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F  PERFORMANCE  EVALUATION 


Cargo  Extraction  Time  -  Seconds 


For  equal  initial  values  of  extraction  load  factor  C  orresponding  to  equal  indicated  airspeeds), 
the  decay  ol:  extraction  parachute  drag  during  the  extraction  period  will  consequently  be 
less  at  high  Hnn  at  lower  altitudes,  leading  fe  a  higher  average  extraction  load  factor  and 
shorter  extraction  times  (for  equal  extraction  hoar  lengths).  The  data  assume  an  extraction 
f  loor  ler*gth  of  50  feet. 

The  particular  pattern  of  cargo  extraction  times  for  rhe  various,  cargo  weights  shown  in  Fig¬ 
ure  42  reflects  tire  influence  of  the  combinations  of  cargo  weights,  initial  extraction  load 
factors  and  flight  speeds  at  extraction  shown  in  Tabic  XI, 

Figure  43  shows  She  variations  of  exit  velocity  and  post-extraction  true  airspeed  for  ihe 
cargo  for  all  altitudes  and  specified  cargo  weights. 

Figure  44  shows  rhe  voriatior  of  cargo  horizontal  travel  from  th®  extraction  initiation  point 
during  the  extraction  period.  This  is  the  most  significant  performance  parameter  for  the  ex¬ 
traction  system,  due  to  it'  direct  relation  to  the  total  horizontal  travel  distance  of  the  cargo 
from  initiation  of  the  ex.raction  to  ground  impact.  The  magnitude  of  the  extraction  hori¬ 
zontal  travel  distance  is  influenced  by: 

o  ^Variations  in  indicated  airspeed  at  extraction 

o  Gusts  occurring  at  extraction 

o  Variations  in  cargo  weight  from  the  nominal  value. 

The  magnitudes  of  these  influences  will  be  demonstrated  in  the  sensitivity  analysis. 

The  performance  characteristics  presented  above  were  achieved  with  extraction  system  weight 
ratios  as  shown  in  Table  XVI. 


TABLE  XVI 

EXTRACTION  SYSTEM  WEIGHT  RATIOS 


Cargo  Weight 

Pounds 

Number  of 

Extraction 

Chutes 

Extraction 
System 
Weight  Ratio 

35,000 

1 

,00429 

40,000 

1 

.003753 

45,000 

i 

.003335 

50,000 

1 

.00300 

55,000 

2 

.00546 

60,000 

2 

.0050 

65,000 

2 

,00462 

70,000 

2 

.00428 
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Descent  System  Performance 

perfcwmanco  of  ,h.  descent  control  system  h  essentially  describeJ 
O  I  he  trajectory  descent  time 

°  Th"  9m“"d  ,rav«'  Jhlanc.  of  the  drop  cargo 
o  The  equilibrium  or  tormina'  descent  velocity 

53  *•  expasure  of  the 

^l,»  for  “"■«-*  selection  of  drop 

sSrt£3s 

drop  precision  45  h  '^poffant  inputs  to  the  evaluation  of 

^frCOnsiderablerspreadlTn  ho^izon^Mravel^diTtarfc6^11^^  features  of  interest.  One  is 
different  cargo  weights.  This  snrenrl  ic  a  !_  stfnce  f°r  drops  from  equal  altitudes  with  tha 
oc  |y  resulting  from®  the  cStbl’nTol'^Stact, ;X7db'e  diffe™"‘-  <"  *™lna v.'!“ 

craft  speed  at  extraction.  extraction  chute  drag  area,  cargo  weight,  and  air- 

altitude  range  betwee^nVoOO  a^Isto^^^ThtTil*6  in  ^s^antal  travel  distance  in  th* 
most  criticaf  w„h  respect  to 

TUib  Jl.ee  i_  _ 


T^rop  cargo  term, no,  velocities,  shown  ,„  Fig„,e  4y  IltalM1.  feot,w  of 


f*^™««S^”ow^n  Fi^r7&1°hrouah  50  "“t'"  P°™chl"«  *»cent  control  system 

qua!  Itatlvely  simile,  K  thoseToln  foMhe^xtacS^h  Tt™  *“"«•.  ^sese  do* ^ 

The  first  of  these  featuret  Is  the  much  imnUermSjh  1  discussed  obove. 

This  reduction  in  data  spread  Is  caused  hv  th»  if  .  4  between  the  different  cargo  weights 
descent  control  device  drag  area  which  is  achfotSk1"0^  bfi,tween  drop  cargo  weight  and 

P  ""e''  al°"f>  "»!>  H»  -oven  ,tep  InJeLJlng^0^^ tSST""8  °f  ™mUr 

drop  el«udd.f  rong™  from"®1 25^  f.TTblfb^''-'".1'' ™k>clty  within  the 

corgu  airspeeds  aft.,  extraction, a.  *o wL™^  « x 'j'L'Tf*  b!' ,he. w,d*  ™«« 

rigure  4J.  The  post-extraction  cargo  airspeeds 


no 


Time  -  Seconds 


Terminal 


for  certain  cargo  weights  ore  less  than,  avi  for  other  cargo  weights  are  greater  than  She 
equilibrium  airspeed  for  the  descent  conir'?  sy:»em. 

Recovery  System  Performance 

The  recovery  system  performance  is  expressed  i,"i  terms  of: 
o  Minimum  recovery  distance 
o  Residual  cargo  velocity  after  recovery 

o  Recovery  system  weight  ratio 

Para-rocket  Recovery  System  -  The  recovery  altitude  less,  or  the  minimum  recovery  distance, 
and  the  residual  cargo  velocity  are  shown  as  functions  of  flight  altitude  at  extraction  in  Fig¬ 
ure  51.  The  altitude  range  covered  by  this  figure  is  1500  -  5000  feet.  The  recovery  perfor¬ 
mance  data  remain  constant  for  drop  altitudes  above  5000  feet.  The  recovery  altitudes  indi¬ 
cated  in  Figure  51  are  those  at  which  rocket  ignition  must  be  triggered  by  signal  from  some 
ground  proximity-sensing  device  in  order  to  obtain  the  residual  velocity  values  shown  in  the 
figure.  Deviations  from  these  values  will  cause  the  impact  velocities  to  increase  above  the 
values  indicated. 

The  weight  ratio  data  for  the  pcra-iocket  recovery  svstem  are  shown  in  Table  XVII.  These 
data  are  independent  of  drop  ai'itude,  since  the  rocket  units  must  be  sized  to  accommodate 
the  largest  impulse  requirements,  which  always  are  associated  with  high  altitude  drops. 

TABLE  XVII 

RECOVERY  SYSTEM  DATA 


Cargo  Weight 
Pounds 

Number  of 
Rockets 
in  Cluster 

Total  Rocket 
Weight 
Pounds 

Weight  of 
Riser  Lines 
Pounds 

System 

Weight 

Pounds 

System 

Weight 

Ratio 

35,000 

4 

1669 

202 

1871 

.05342 

40, 000 

5 

2088 

248 

2336 

.0584 

45,000 

6 

2505 

293 

2798 

.0622 

50,000 

7 

2923 

338 

3261 

.06525 

55,000 

6 

2505 

307 

2812 

,05115 

60,000 

7 

2923 

352 

3275 

.0546 

65,000 

8 

3340 

398 

3738 

.05 75 

70,000 

8 

3340 

403 

3743 

.0535 

Parachute  Recovery  System  -  The  performance  of  the  parachute  recovery  system  is  affected 
significantly  by  the  following  operational  circumstances: 


o  Whether  recovery  Is  accomplished  immediately  following  shedding  of  the  extraction 
system  and  deployment  of  the  main  parachute  system 

o  Whether  recovery  is  accomplished  in  termination  of  a  descent  phase  controlled  by 
reefed  main  parachutes 
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The  first  of  these  circumstances  defines  essentially  a  minimum  drop  altitude  situation,  while 
the  second  one  pertains  to  all  situations  involving  delayed  recovery* 

The  reason  for  this  significance  is  that  parachutes  exhibit  significantly  longer  inflation  times 
when  inflated  in  a  horizontal  streaming  attitude,  than  .when  inflated  in  a  near  vertical  atti¬ 
tude.  This  behavior  was  demonstrated  by  computer  runs  with  a  program  developed  from  the 
infJatinn  time  calculation  method  given  in  Reference  4.  The  lowest  flight  altitudes  com¬ 
patible  with  safe  recovery  are  accordingly  obtained  by  delaying  the  deployment  of  the  main 
parachutes  until  the  extraction  parachute  drag,  along  with  gravitational  action,  has  aligned 
the  cargo-parachute  system  in  a  steep  attitude  angle.  For  the  purpose  of  analysis,  it  was 
assumed  that  a  cargo-parachute  system  inclination  to  the  vertical  of  35-40  degrees  is  suffi¬ 
cient.  This  condition  is  always  satisfied  by  main  paochute  deployment  delays  of  8  seconds 
from  initiation  of  the  drop  sequence.  The  altitude  loss  during  this  delay  period  was  investi¬ 
gated  on  a  drop  simulation  program.  The  results  of  this  investigation  are  shown  on  Figure  52 
along  with  the  vertical  velocity  at  the  end  of  the  delay  period. 

The  altitude  loss  during  the  delay  period  is  always  less  than  600  feet,  while  the  maximum 
vertical  velocity  Is  always  less  than  134  feet  per  second.  Allowing  an  esii malted  two-se¬ 
cond  period  for  uncovering  the  main  parachutes  loads  to  a  total  altitude  loss  of  870  feet 
before  start  of  main  canopy  inflation. 

The  canopy  inflation  times  and  the  altitude  loss  during  canopy  inflation  wore  computed  for 
the  combinations  of  cargo  weights  and  numbers  of  parachutes  established  in  tie  section  de¬ 
scribing  system  design  data.  These  calculations  were  based  on  the  method  presented  in 
Reference  4. 

These  calculations  show  a  remarkable  constancy  of  the  principal  recovery  parachutes,  as 
illustrated  in  Table  XVIII. 


TABLE  XVI II 

PARACHUTE  RECOVERY  SYSTEM  CHARACTERISTICS 


Cargo  Weight 
Pounds 

Number 

of 

Chutes 

Initial 

Speed 

Feei/Second 

Filling 

Time 

Second? 

Recovery 

Distance 

Feet 

Terminal 

Velocity 

Feer/Second 

Peak 

Load 

Factor 

35,000 

4 

166,5 

7,8 

440.0 

24,3 

3,182 

40,000 

5 

162.9 

8,3 

443,0 

23.1 

3,137 

45,000 

6 

160.5 

8,6 

443.0 

22.4 

3,119 

50,000 

6 

165,0 

8.0 

439,0 

23.7 

3.178 

55, 000 

7 

162,4 

8,4 

444,0 

22,9 

3. 134 

60,000 

7 

165.6 

7,9 

440.0 

24,0 

3.174 

65,000 

8 

163,4 

8,2 

442.0 

23.3 

3. 145 

70,000  _ _ 

G 

'H—uiilUprU'nBrw 

162. Q 

! 

oil 

1 

436,0 

24,3 

3,081 

It  ij  concluded  therefore,  that  a  minimum  safe  drop  <siM tude  for  "direct"  main  canopy  de¬ 
ployment  drop  would  be 
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For  recovery  from  high  altitude,  reefed  main  canopy  descents,  similar  calculations  of  canopy 
inflation  times  and  recovery  distances  were  made.  The  results  of  these  calculations  are 
shown  in  Table  XIX. 

Impact  System  Performance 

The  impact  attenuation  system  performance  is  measured  by  the  nominal  required  thickness  or 
stroke  of  the  shock  absorbing  material.  For  a  nominal  permissible  impact  shock  level  of  20  g, 
using  maximum  values  for  the  residual  recovery  velocities,  the  data  shown  In  Table  XX 
illustrates  the  impact  control  system  performance  for  both  the  para-rocket  system  and  for  the 
parachute  system,  TABLE  XIX 

RECOVERY  PERFORMANCE  FROM  DESCENT  WITH  MAIN 
CANOPIES  REEFED  TO  2  PERCENT  DRAG  AREA 


Cargo 

Weight 

Pounds 

Number 

of 

Chutes 

Initial 

Speed 

Feet/ 

Second 

Terminal 

Speed 

Feet/ 

Second 

Peak  Inflation 
Load  Time 

Factor  Seconds 

Recovery 

Distance  Weight 

Feet  Ratio 

Packed 

Volume 

Feet3 

35,000 

4 

179.8 

24.5 

4.610  7.6 

423.0  .08175 

81.8 

40,000 

5 

173.0 

23,1 

4.496  8.3 

428.0  .08940 

102,2 

45,000 

6 

167.5 

22.4 

4.404  8,6 

425.0  .0954 

122.6 

50,000 

6 

176.5 

23.8 

4.582  7.8 

420.0  .0858 

122.6 

55,000 

7 

172.3 

23.1 

4.493  8,2 

423.0  .0910 

143.0 

60,000 

7 

178.7 

24.2 

4.602  7.7 

422.0  .0834 

143.0 

65,000 

8 

175.0 

23.4 

4.537  8.1 

426.0  .0880 

163.5 

70,000 

a 

180.7 

24.5 

4,634  7,6 

424.0  .08175 

163.5 

TABLE  XX 

IMPACT  SYSTEM  PERFORMANCE 

impact  Velocity  -  Feet/Second 
(Nominal  Maximum) 

Required  Shock  Absorber 
Stroke  -  Feet 

Cargo  Weight 
Pounds 

Para-Rocket 

System 

Parachute 

System 

Para^Rocket 

System 

Parachute 

System 

35, OOP 

Vi 

,5 

25.0 

.197 

.51 

40, 000 

7.9 

25.0 

.051 

.51 

45,000 

3,2 

25.0 

.0087 

.51 

50,000 

3.4 

25.0 

.0095 

.51 

55,000 

12,8 

25.0 

,134 

.51 

60,000 

6 

.5 

25.0 

.035 

.51 

65,000 

1 

.5 

25.0 

.0037 

.51 

70,000 

25,3 

25.0 

.56  0 

.51 
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Drop  Precision  Performance 


The  drop  precision  performance  is  measured  in  terms  oi  the  standard  deviation,  or  the  root- 
mean-square  value,  of  the  miss  distance.  The  miss  distance  is  the  distance  between  the 
actually  achieved  point  of  impact  and  the  location  of  the  target  center  or  aiming  point. 

Since  the  lengti  of  the  actual  miss  distance  varies  from  one  drop  to  another,  It  is  a  random 
variable,  and  can  only  be  evaluated  in  statistical  terms,  such  as  the  value  of  its  standard 
deviation. 

The  miss  distance  is  the  sum  of  the  following  components: 
o  Deviation  in  ground  travel  distance  during  extraction 
o  Deviations  in  ground  travel  distance  during  descent 
o  Deviations  in  ground  travel  distance  during  recovery 

These  deviations  are  caused  partly  by  deviations  from  controllable  nominal  values  of: 
o  Cargo  weight, 

o  Aircraft  flight  speed  at  carge  ^traction, 
o  Aircraft  flight  altitude  at  cargo  extraction, 

and  partly  by  random  influences  such  as: 

o  Gust  velocity  during  extraction 

o  Wind  speed  and  directional  changes  during  descent  and  recovery. 

The  magnitudes  or  the  miss  distance  components  are  related  to  the  magnitudes  of  the  various 
causative  factors  by  sensitivity  coefficients.  In  the  following  analysis,  miss  distance  con¬ 
tributions  due  to  aircrew  reaction  time  lags  are  not  taken  into  account,  basically  because 
this  contribution  would  be  of  the  same  order  for  the  two  systems  which  are  to  be  composed, 
arid  thus  would  not  Improve  on  the  discrimination  in  the  comparison.  The  derivation  of 
sensitivity  coefficients  and  perturbation  factors  Is  shown  in  Appendix  D. 

The  XX.!  shows  the  value  of  the  sensitivity  coefficients  as  determined  from  computer-simulated 
drops  with  the  two  systems  along  with  the  numerical  values  of  the  perturbation  factors, 

Toole  XXII  shows  the  results  of  the  drop  precision  calculallons  In  terms  of  RMS  miss  distance 
in  feet  for  the  various  nominal  drop  weights  and  altitudes  of  1500,  15,000  and  30.  000  feet. 
Along  with  these  data  are  also  shown  values  for  the  drop  load  densities,  computed  a* 
Wc/7?*S(2.  she  drop  load  densities  are  shown  as  gross  and  as  net  values.  The  gross 
values  are  the  nominal  cargo  weights  divided  by  the  probable  hit  area.  The  net  valuos 
w-ore  obtained  by  subtracting  the  appropriate  subsystem  weights  from  the  nominal  cargo 
weights.  This  difference  approximates  that  part  of  the  load  carried  by  the  aircraft  which 
has  operational  utility  for  the  recipient,  ana  represents  therefore  a  realistic  figure  of  merit 
for  the  system. 
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BASIC  DATA  FOR  DROP  PRECISION  EVALUATION  SENSITIVITY 
COEFFICIENTS  AND  PERTURBATION  FACTORS 
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EVALUATION  OF  SELECTED  SYSTEMS 


This  section  presents' an  evaluation  of  the  two  selected  systems  on  the  basts  of  the  following: 

o  Specific  productivity 
o  Sensitivity  to  operational  factors 

Specific  Productivity 

The  specific  productivity  is  expressed  in  terms  of  the  delivery  density  rate  in  pounds  per 
square  foot  per  hour  which  is  obtained  by  dividing  the  drop  cycle  time,  t<~,  into  the  net 
drop  density  values  presented  in  the  section  on  system  performance* 

The  drop  cycle  time  is  defined  as  the  time  interval  required  to  perform  the  following  func¬ 
tions: 

o  Removal  of  harness  and  other  drop  gear  from  the  cargo  along  with  other  on-site 
actions  preparatory  to  transportation  of  cargo  away  from  the  drop  site. 

o  Collection  and  preparation  of  drop  gear  for  transportation  away  from  the  drop  site 

o  Transportation  of  cargo  and  drop  gear  a  specified  distance  away  from  the  drop  area 
aiming  point. 

Under  operational  conditions,  one  would  expect  the  two  first-mentioned  activities  to  be 
performed  concurrently.  The  time  required  depends  both  on  the  effort  involved  and  on  the 
size  of  the  available  drop  area  crew. 

With  respect  to  cargo  preparation,  m  discernible  difference  in  effort  appears  likely  between 
the  two  systems,  since  the  operation  of  both  systems  involves  nearly  Identical  cargo  loads 
and  acceleratior  experiences  for  the  drop  cargo.  Consequently,  the  forms  and  amounts  of 
webbing  and  strap-down  provisions  are  also  very  umllar.  The  type  of  cargo  wiuld,  however, 
exart  a  dominant  influnnce  on  the  preparation  effort  involved.  Bulk  cargo  would  tend  to  re¬ 
quire  extensive  preparation  efforts,  particularly  if  the  shipment  is  broken  down  into  package 
units  of  convenient  weight  for  man-handling.  The  current  evaluation  is  based  on  an  estimated 
preparation  rate  for  the  drop  cargo  of  .0057  hcurs/1000  pounds,  which  is  bellevod  to  be  rep¬ 
resentative  for  the  preparation  effort  required  for  cargo  consisting  of  heavy  equipment  items. 

A  major  difference  between  the  two  systems  can  bs  expected  with  regard  to  the  effort  involved 
•n  clearing  the  impact  area  of  residual  and  salvageable  drop  gear.  An  impression  of  this  dif¬ 
ference  is  afforded  by  Tablo  XXII I,  which  show  the  weight  and  characteristic  size  of  residual, 
salvvagaaMe  drop  gear  corresponding  to  nominal  cargo  weights  for  both  systems. 

In  order  to  provide  estimates  of  the  effort  and  time  elements  involved  In  this  aspect  of  the 
operation,  the  following  bosk  data  were  aatutned: 

30  foot  diameter  ring-slot  parachute  and  riser;  150  pounds 
Straighten  and  roll-up?  i  man  2-3  minutes 
140  foot  dfarmvter  flat  canopy  parachute  and  riser,  561  pounds 
Straighten  and  roll-upi  A  men  15-20  minutes 
Loading  <m  Srotiwortefi  1  rnlnufe/500  pounds 

Handling  capability  for  one  man:  150-200  pounds 
S5m  of  gear  salvage  and  drop  itmti  clearing  crews? 

Sforcrwcfoivt  ayttenu 

35,(KXMiO,OO0  pound  cargo  -  1  man 
M,  GOO-TO, (XX)  imrnd  cargo  -  2  men 
Ifowaiiwte  System:  4  teams  @  4  each  »  16  men 
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If  is  realized  that  the  rafes  assumed  reflecf  near  ideal  conditions  with  a  minimum  of  drop  gear 
tangling  in  vegetation. 

Finally  the  time  required  for  removal  of  cargo  ar.d  salvaged  drop  gear  from  the  impact  area 
has  been  assessed  on  the  basis  of  an  average  transportation  rate  of  5  ton  miles/hour  and  a 
required  transportation  distance  equal  to  three  times  the  root-mean -square  miss  distance  for 
each  drop  altitude  and  nominal  cargo  weight. 

Results  of  the  estimation  are  shown  in  Table  XXIV  for  the  cargo  preparation  and  drop  gear  sal¬ 
vaging  activities. 

Table  XXV  presents  the  results  of  the  transportation  time  calculations,  along  with  the  values  of 
the  drop  cycle  times.  The  drop  cycle  time  is  the  sum  of  the  transportation  time  and  the  largest 
of  the  cargo  preparation  time  and  the  drop  gear  collecting  time. 

The  results  of  the  drop  cycle  Hme  estimations  were  used  to  evaluate  the  specific  productivities 
for  each  system.  As  shown  in  Table  XXVI,  this  evaluation  has  been  carried  out  for  all  nominal 
cargo  weights  and  for  drop  altitudes  of  1500,  15000,  and  30000  feet.  It  is  based  on  the  net 
drop  densities  shown  in  Table  XXII. 

The  clear  superiority  of  the  Para-Rocket  system  is  due  to  the  slightly  better  drop  precision  at¬ 
tainable  with  this  system  and  the  shorter  drop  cycle  time. 


The  principal  operational  factor  to  which  the  two  systems  exhibit  marked  difference  in  sen¬ 
sitivity  is  surface  wind  at  the  Impact  area.  With  an  equilibrium  descent  speed  of  25  feet  per 
second,  the  Parachute  system  is  sensitive  to  surface  winds  to  the  extent  that  a  10-15  knot 
wind  might  overturn  the  drop  cargo  after  Impact.  A  reliably  operating,  ground  sensing 
quick  release  system  for  the  main  parachutes  would  afford  relief  from  this  sensitivity. 

The  Para-Rocket  system  is  fundamentally  insensitive  to  ground  wind  conditions  due  to  the 
relatively  small  size  of  the  extraction/descent  control  parachutes. 


TABLE  XXIV 


ESTIMATED  TIME  ELEMENTS  FOR  PREPARATION  OF  CARGO 
AND  COLLECTING  OF  RESIDUAL  DROP  GEAR  (CONCURRENT  ACTIVITIES) 


ss 


Nominal  Cargo  Preparation  Collecting  Time  for  Residual 

Cargo  Weigh}-  Time  Drop  Gear  -  Hours _ 

Pounds  Hours  Para-Rocket  Parachute 


35000  .  33  .  067  .  32 

40000  .  38  .  067  .  59 


45000 

50000 

55000 


43 

.069 

.612 

i*8 

.071 

.612 

52 

.m 

.631 

60000  .57 

65000  .  62 

.67 


.126  .631 
.128  .650 
.128 


70000 


650 


ESTIMATION  OF  DROP  CYCLE  TIME 


"  r 


-o-J 

*»_  2  o 

E^alU 
P  g 
4>  § 

•~r 


8,sy 


O'': 

.To  , 

Q.  o)  a  y 
o  t=  w  Q 

■  "  4,  . 

0)  O 


u 


a<3 


i 


I  ,b 

w 

o 


o  * 


Q-TJ 
f  3  « 

w  C  it 

Q«ifc 


j?  S  S  &  8  ° 

£  £  8  8  8  £  B 


M*  N  O  O  K  O  O  O) 

K  N  ^  S  5  8  N 

—  —  W  W  ol  (N  ft  M 


$ 


.  -  Q  CM 
00  N&  CO 
»-  *0  K  00 


K  .- 
»>  to 
o  o 


CO  CM 

"T  t— 

O-l  CO 


*“  *—  f*  CM  CM  CM 


N  S)  O 
M-  "O  og 
*-  <N  00 


CM  C>l  fN  in 
IQ  CS  O  W 
CO  O  •—  CM 


oJ  00  O 

O'  M-  CM 
Os  —  CM 


8  0  O 

co  cy 

CM  O' 

M-  in 


5 


-NtNWNnOPJ 


t>  2 

N.  O' 


K  N  (O  N  t  N 

S-  O  f)  O'  lA 

c-i  co  o  • —  cO 


•—  CM  CM  CM  00  CO  CO 


8  8 


'$  Is  £  :=  S !  S?  £  fe 

<---WNOI(NW 


8 


K  O  O  co  ©  CN 

CM  NO  in  CK  o  o 

CO  O  CM  CO  hs  00 

:~  CM  CM  CM  CM  CM 


co 

12 

o 

9 

£  £  £ 

SO 

O' 

s 

& 

s 

O' 

3 

i§ 

ill 

co 

CM 

«  R  2  S  8  2 

!Q  ©  «  <9 

©  i 


s 


s 


8  8 
£  3 


o  o  o  © 

N  N  N  U> 

O  (N  CO  IQ 

«o  mF  in 


K  8  f?  K 

IQ  -2  K 
»-  *-*  CM 


O  O  Q  o 

©  <M  CM 

I?tiSS 


*o 

CM  CM 


«M88!J88 


S222 


8  8 
CM  CM 
CM  CM 


$  $  $ 


8 


CM  © 
M>  CO 
O'  00 
CO  00 


129 


TABLE  XXVI 

COMPARISON  OF  SPECIFIC  PRODUCTIVITY 
FOR  SELECTED  SYSTEMS 


I 

i 

I 


r 

/ 


Drop 

Nominal 

Caigo 

Special  Productivity 
LIV'FtVHr 

Altitude 

Weight 

Para- Rocket 

Parachute 

Feet 

Pounds 

System 

System 

35000 

3.167 

2.740 

40000 

3.500 

1.994 

45000 

3.236 

2.110 

1500 

50000 

3.328 

2.348 

55000 

3.677 

2.640 

60000 

3.510 

2.851 

65000 

3.720 

2.925 

70000 

3.680 

3.060 

35000 

.0539 

.04975 

40000 

,0619 

.04882 

'5000 

.0697 

.03700 

15000 

50000 

.0775 

.04342 

“5000 

.0475 

.04200 

60000 

.0516 

.04835 

65000 

,0565 

.04556 

70000 

.0615 

.05105 

35000 

.01178 

01099 

40OCO 

.05375 

.00888 

45000 

.01574 

.00832 

30000 

50000 

.01776 

.00953 

55000 

.01014 

.00933 

60000 

.01134 

.01063 

65000 

.01240 

.00^0 

70000 

.01366 

.01118 
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111,-  AERIAL  RETRIEVAL  SYSTEMS 
CRITERIA  FCR  CONCEPT  CLASSIFICATION 


I 

'i 

l 


! 


The  development  of  criteria  for  the  classification  of  o»rlal  retrieval  concepts  generally 
parallels  the  procedure  utIMzed  for  aerial  deliver)'  concepts*  Logical  criteria  are  estab¬ 
lished  for  concept  closslfk  jflon,  baric  term*  ore  defined,  and  the  rationale  by  which  com¬ 
binations  of  those  terms  are  accepted  or  rejected  Is  outlined. 

Operational  Phases 

in  terms  of  fundamental  physical  processes,  the  basic  function  performed  by  an  aerial  ratri- 
val  system  Is  the  application  of  a  sequence  of  metered  and  timed  Impulses  1c  th<#  payload 
such  that  the  payload  velocity  Is  changed  from  zero  to  the  aircraft  flight  upend  In  a  man¬ 
ner  compatible  with  aircraft  and  payload  ifmitatlons.  The  total  Impulse  requirement  Is 
equal  to  the  sum  of  the  Individual  Impulses  In  the  sequence)  and  is  a  function  of  payload 
weight,  aircraft  flight  speed  and  altitude,  and  the  type/  of  trajectory  followed  by  the  re¬ 
trieved  po/load. 

For  the  purposes  of  analyzing  the  requirements  of  aerial  retrieval  operation*1,  It  lu  con¬ 
venient  to  consider  the  complate  retrieval  procedure  at  the  combination  of  seven  distinct 
phases.  The  Individual  phases  are  different  for  the  two  operational  concepts  under  con¬ 
sideration. 

The  first  operational  concept  Includes  retrieval  of  the  payload,  towing  the  payload  to  a 
new  deployment  area,  and  subsequent  aerial  delivery  of  the  payload.  The  t<?v«n  phases 
characterizing  this  operation  are  as  follows: 

1 .  Preparation 

2.  Engagement  and  Ascent 

3.  Towing 
4a.  Release 
5a.  Descent 
6a.  Recovery 
7a.  Impact 

The  second  operational  concept  Involves  retrieval  of  the  payload  and  subsequent  boarding 
of  the  payload  Into  iho  cargo  compartment  of  the  ratrlev  !  aircraft.  The  seven  phases 
describing  this  operation  follows 

1 .  Preparation 

2.  Engagement  and  Ascent 

3.  Towing 
4b.  Closure 
5b.  Attachment 
6b.  Boarding 
7b.  Stowage 


i 
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)t  I*  observed  that  the  first  th/re®  p)mmt  am  Identical  for  the  two  operational  procedures. 

any  acceptable  aerial  retrieval  conomp*  must  bo  capable  of  satisfying  the  require"' 
wonts  of  phases  1  through  3  In  addition  to  th <m®  Inherent ’in  either  phases  4o  through  7a  or 
7b.  Inspection  of  these  phases  with  regard  to  operational  requirements  leads  to  the  conclu- 
etwelmt  characteristics  of  Ph mm  2  have  an  overriding  Influence  on  Hie  characteristics  of 
thu  remaining  she.  For  this  mason  Phase  2  m t 1  fe©  utilized  exclusively  for  the  classifica¬ 
tion  of  retrieval  concepts*  The  twnoming  six  phases  are  identified  primarily  for  th®  purpose 
of  future  application  In  tbw  comparative  evaluation  of  concepts. 

Concept  Classification  Criteria 

tnmm  turn*  wbm L>u  mm.  mm  i  m  nun  lam  mum***  mi  wwwiiw  m— «— 

The  engagement  and  ascent  phase  comprises  oil  events  which  occur  from  the  moiient  of  first 
physical  contact  between  the  ground  station  retrieval  aear  and  airborne  retrieval  gear  until 
equilibrium  conditions  between  the  carfp  and  retrieval  aircraft  have  been  achieved*  The 
deslrod  hlnomoHc  effects  on  the  cargo  during  this  phase  may  be  achieved  through  reaction 
of  a  fore®  by  any  one  or  combination  of  th®  following  reaction  modes: 

o  Reaction  with  the  retrieval  aircraft 

o  Reaction  with  the  air 

o  Reaction  with  Impulse  propellant 

o  Reaction  wi!h  the  ground 

The  first  reaction  mode,  "reaction  v/lth  the  retrieval  aircraft, "  Is  solf-expicmatory.  Aii 
retrieval  concepts  utlilmately  utilize  this  reaction  mode. 

The  second,  "roafctlon  with  (ho  air, "  Include*  oil  methods  In  which  the  reaction  of  the  !m- 
puliW'genercitlng  fores  acting  on  the  payload  Is  ultimately  transmitted  to  the  surrounding 
air. 

"Reaction  with  Impulse  propellant"  comprises  all  methods  relying  on  the  reaction  of  |et  or 
rochet  device#  for  generation  of  the  Impulse  Increment. 

The  final  reaction  mode,  "reaction  with  the  ground,  "  Includes  all  method#  In  which  the  im-- 
puis©  Increment  Is  generated  by  forces  whose  reactions  are  uliiimatfliy  transferred  to  the 
ground. 


Consistent  with  the  procecur*  followed  In  the  development  of  classification  criteria  for 
aerial  delivery  concepts,  the  four  reaction  modes  are  assigned  the  code  number  shown 
below . 


Reaction  Mode  Desert pt'on  Code  No. 


Reaction  with  the  Airplane  (1) 

Reaction  with  the  Air  (2) 

P.ccctlon  with  Impulse:  Propellant  (3) 

Dstr  eflnn  iu|  6U  iU*  t A_\ 

IIVVVMVM  Vfifll  r'iw  vivvnu  \*i 


If  It  Is  aou'ined  that  each  of  fheso  four  Impulse  Increment  reaction  locations  can  be  utilized 
singly  or  In  combination  wfih  one,  two,  or  all  three  of  the  remaining  methods  In  the  en¬ 
gagement  and  ascent  phase  cf  the  retrieval  operation,  all  possible  groups  of  lehlev'.il  sys¬ 
tem  concepts  are  established.  The  possible  concept  groups  formed  through  application  of 
this  procedure  are  as  follows: 
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No.  of 
Combi  no  lions 


Different  fraction  Mode  Combination 


(1) 

rX2) 

1,3} 

(1,2,3) 

m 

(3) 

0,2,4) 

Hr  4) 

0,3,4) 

(4) 

(2,3) 

(2,3,4) 

R4) 

(3,4) 

4 

6 

4 

0,  2,3,4) 


1 


Titus,  iher«  are  a  total  of  15  possible  concept  groups.  These  groups  can  be  considered 
an  the  trunks  of  concept  family  lret,s.  The  limbs  and  branches  for  each  tree  emerge  from 
cons! deration  of  specific  energy  storage,  release,  and  transformation  methods  for  realiz¬ 
ing  each  impulse  force  reaction  mode . 


A  number  of  the  concept  groups  imply  physical  configurations  which  are  not  reedily  ap¬ 
plied  to  the  engagement  arid  ascent  phase  of  aerial  delivery.  These  groups  are  illustrated 
In  th©  chart  below.  The  concept  groups  rejected  in  this  figure  either  involve  reaction  with 
the  ground  or  do  not  involve  reaction  with  the  retrieval  aircraft. 


Concept  group;  based  or.  reaction  with  th©  ground  require  configurations  which  are  not 
compatible  with  the  requirements  of  aerial  retrieval  operations.  Examples  of  such  con¬ 
figurations  are  inclined  ramps  for  converting  gravitational  to  kinetic  energy,  and  in¬ 
clined  launching  catapult#  tor  converting  latent  energy  to  kinetic  and  gravitational 
energy. 


IMPULSE  REACTION  MODE  COMBINATION  FILTER  (AERIAL  RETRIEVAL) 

. .  ----- - 

Impulse  Reaction  Mode 


Combination  Cod©  No. 

Reason  for  Rejection 

U\ 

(M) 

Physical  realization  of  mech¬ 

2,4) 

anism  beyond  stute-ofotho-art 

(3,4) 

(1,2,4) 

0,3,4 

(2,3,4) 

(1,2, 3,4) 

(2) 

Implies  precise  matching  of  air” 

(3) 

craft  flight  path  and  velocity  - 

(2,3) 

capability  not  within  sstate-of- 

the-art. 


133 


Several  difficult  problems  are  inherent  in  the  implementation  of  such  devices.  Included 
are: 

o  Timing  of  launch  with  aircraft  arrival 

o  Matching  of  cargo  trajectory  with  aircraft  ‘light  path 

o  Lack  of  directional  control  capability  immediately  following  launch 

m  Lack  of  mobility  due  to  large  launching  installations  for  low  acceleration  sys¬ 
tems  or,  conversely,  heavy  launching  platforms  for  high  acceleration  systems 

As  a  result  of  these  inherent  limitations,  concept  groups  which  rely  upon  the  ground  reac- 
tion  mode  are  eliminated  from  further  consideration  with  respect  to  the  de'  lopment  of 
sub-group  derivatives. 

As  stated  previously,  all  retrieval  system  concepts,  ultimately  involve  a  reaction  with  the 
retrieval  aircraft,  Therefore,  all  concept  groups  which  do  not  include  this  reaction  mode 
can  reasonably  be  eliminated  from  further  consideration.  The  technical  requirements  of 
concepts  which  do  not  include  reaction  with  the  letrieval  aircraft  are  sufficiently  strin¬ 
gent  as  to  be  considered  beyond  the  current  state-of-the-art.  These  requirements  include: 

o  Timing  of  launch  with  aircraft  arrival 

o  Matching  of  cargo  trajectory  with  aircraft  flight  path 

o  Matching  of  cargo  velocity  with  aircraft  velocity 

A  mechanism  capable  of  satisfying  such  requirements  while  demonstrating  the  flexibility 
necessary  for  aerial  retrieval  operations  has  a  level  of  complexity  similar  to  that  of  man¬ 
ned  systems,  such  as  helicopters  and  aircraft. 

After  elimination  of  the  concept  groups  involving  unrealistic  physical  requirements,  the 
number  of  permissible  concept  groups  is  reduced  to  four.  These  concept  groups  are  illus¬ 
trated  in  Figure  53.  For  convenience,  the  permissible  concept  groups  from  Figure  53  are 
reorganized  and  assigned  group  numbers  as  shown  in  Figure  54. 


The  sub-groups  related  to  each  basic  concept  group  are  derived  by  considering  the  appli- 

a  wr!  ru«t  r%l  ac  frt  r  /lanemtinn  rnn  (nreot  I  leinn  tUo  /se^Amnl  nn/i^ueit 

vwwi  v  jrfi  i  yr  «i  i  vm  •  |^i  vv  iv*  yi/nvi«i  ii  r£j|  *  i  iv  i  vmviivm  iwi  vwr  i  iq  1 1  »w  ^vitvivn  ivii^eie 

concerning  energy  transformation  developed  for  classification  of  aerial  delivery  concepts, 
a  summary  of  the  available  energy  conversion  principles  and  their  applicable  reaction 
modes  is  shown  in  Figure  55.  The  number  of  possible  reaction  force  generating  modes 
which  are  available  for  each  impulse  reaction  mode  is  also  indicated.  Methods  by  which 
the  kinetic  energy  of  the  cargo  relative  to  the  aircraft  can  be  transformed  into  mechanical 
work  are  shown  in  the  first  major  column,  together  with  available  means  by  which  ‘he 
resultant  force  may  be  reacted.  The  terms  "aerodynomic  oction,  "  friction  action,  "  and 
"mechanical  deformation"  comprise  in  themselves  a  large  number  of  energy  transformation 
methods.  "Mechanical  deformation,  "  for  example,  includes  both  elastic  and  inelastic 
deformations,  and  "aerodynamic  action"  includes  gliders,  helicopters,  and  parawings. 


The  total  number  of  retrieval  concept  sub-groups  is  obtained  by  forming  the  product  of 
permissible  reaction  mode  combinations,  slujwri  in  Figure  54,  and  the  corresponding 
reaction  force  generating  modes,  shown  in  Figure  55,  ,  /hich  total  i8  are  illustrated 
in  Figure  56.  The  procedure  used  for  identification  of  retrieval  systems  sub-groups 
corresponds  to  that  employed  for  aerial  delivery  system*. 
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Figure  53  -  Generating  Matrix  for  Groups  of  Retrieval  System  Concepts 


c 


Operational 

Phc#e 

Retrieval  System  Concept  Group 
(Reaction  Mode  Combinations) 

Group  No* 

01 

02 

03 

04 

Engagement  and 
Ascent  Control 

0 ) 

- 

<t,2> 

0,3) 

0,2,3) 

Code  fc  Reaction  Modes: 

(1)  Reaction  with  Airpione 

0  Reaction  with  Air 

(3)  Reaction  with  Impulse  Medium 

0# 2),  Or 2, 3)  etc.  Denote  Mixed  Modes 


Figure  St "  Reaction  Mode  Structure  for  Ranked  Aerial 
Retrieval  System  Concept  Group* 
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The  generation  of  specific  retrieval  system  concepts  must  proceed  directly  from  the  sub¬ 
groups  outlined  in  Figure  56.  Each  of  these  sub-groups  is  characterized  by  energy 
transformation  methods  and  reaction  modes  which  determine  retrieval  aircraft  responses 
during  retrieval,  and  total  system  weight  relative  to  cargo  weight  retrieved.  Suosequent 
efforts  related  to  retrieval  system  concept  selection  will  be  concentrated  on  evaluating 
these  aspects  of  the  sub-groups  in  order  to  assist  in  selection  of  the  concept  or  concepts 
most  suited  to  retrieval  of  cargo  in  the  3,000  to  10,000  pound  weight  range. 


FORMULATION  OF  CONCEPTS 


The  concept  classification  system  presented  in  the  previous  section  constitutes  a  useful  guide 
in  the  formulation  of  techniques  for  performing  the  engagement  and  ascent  phase  of  the 
aerial  retrieval  operation.  While  the  concept  classification  system  does  not  unc-ion  as  a 
concent  generator,  it  does  provide  a  comprehensive  description  of  available  mechanisms  for 
energy  transformation.  This  tends  to  preclude  the  omission  of  complete  classes  of  concepts 
from  consideration. 

For  convenience  in  conducting  feasibility  analyses  in  subsequent  sections,  aerie  I  retrieval 
concepts  are  separated  into  two  distinct  groups  characterised  by  either  aircraft  !y-by  or 
circling  aircraft  techniaues.  Concepts  based  on  aircraft  fly-by  techniques  are  hs’.ed  in 
Table  XXVII.  Retrieval  concepts  utilizing  circ'ing  dircraft  techniques  are  shown  in  Table 
XXVIII. 

Since  there  is  only  one  phase  in  the  aerial  retrieval  procedure  during  which  an  impulse  is 
imparted  to  the  payload,  the  concepts  tabulated  in  Tables  XXVII  and  XXVIII  represerf  com¬ 
plete  aerial  retrieval  systems.  Consequently,  the  combinations  of  reaction  modes  e  nd  reac¬ 
tion  force  generating  modes  corresponding  to  these  systems  are  presented.  The  clasii fic¬ 
tion  sub-groups  which  describe  each  system  are  listed  in  the  last  column  of  both  tables. 


FORMULATION  OF  AERIAL  RETRIEVAL  CONCEPTS  -  AIRCRAFT  FLY-BY  TECHNIQUE 


TABLE  XXVHI 


ANALYSIS  OF  CONCEPT  FEASIBILITY 


The  previous  section  compiled  o  number  at  retrieval  concepts.  The  more  attractive  tech¬ 
niques  ore  listed  in  Tables  XXVil  or.d  XXVH?  of  the  previous  section. 

A  first  order  analysis  was  conducted  on  each  cl  the  concepts  listed  to  determine  its  merit 
end  to  single  out  the  techniques  deserving  more  detailed  analysis  and  investigation. 

There  are  four  characteristics  of  primary  technical  interest  which  serve  as  "m^'suring  sticks" 
when  evaiuaiing  aerial  retrieval  concepts 

(1)  Accelerations  and  loads  experienced  by  the  aircraft  during  the  pick-up  operation. 

(2)  Size  of  the  clear  ground  area  required  to  effect  the  retrieval  operation. 

(3)  Complexity  of  the  system  and  accompanying  reliability  level  and  operational 
problems. 

(4)  Power  demand?  on  the  oirc.oF'. 

With  regard  to  the  fourth  characterisii.;,  aircraft  power  demands,  if  was  determined  in 
analysis  of  the  variour  concepts  that  aircraft  power  is  not  a  limiting  factor  in  ar.y  of  the 
systems  considered  since,  in  all  cases,  the  aircraft  can  sustain  the  impact  loads  as  the  pay- 
load  is  engaged  and  accelerated.  The  horsepower  drain  on  the  aircraft  is  simply  a  function 
of  the  kinetic  eiKtrgy  lost  during  the  period  of  time  covering  payload  hook-up  and  acceler¬ 
ation  to  aircraft  speed.  Therefore,  the  relative  merit  of  the  retrieval  concepts  considered 
in  this  study  can  be  assessed  on  the  basis  of  the  interplay  and  combined  effect  of  items 
(I),  (2),  and  (3)  above:  accelerations  and  loads,  clear  giound  area,  and  system  complexity. 

The  interplay  of  the  remaining  three  factors  can  be  illustrated  by  considering  the  simplest, 
most  direct  aerial  retrieval  technique,  a  direct  ground  snalch.  In  this  techniq  ie,  <ne  air¬ 
craft  makes  a  low-level  approach  trailing  a  hook  on  a  boon,  snags  the  payload  oy  hooking 
a  target  line  held  aloft,  and  hauls  the  payload  up  and  out  of  the  area.  This  technique  has 
been  employed  with  very  light  loads,  such  os  mail  bags,  but  is  not  practical  for  heavier 
loads.  In  the  cases  where  the  payiood  weighs  thousands  of  pounds,  the  accelerations  and 
forces  felt  on  the  aircraft  and  on  the  payload  are  in  the  thousands  of  "g‘s" , 

In  addition  to  the  problem  of  forces  on  the  A/C  and  paylocid,  considerable  ground  clearance 
area  is  required  before  the  payiood  can  be  hauled  to  sufficient  altitude  to  clear  surrounding 
trees  and  terrain.  The  system,  however,  is  extremely  simple  and  is  reliable  when  used  with 
lightweight  payloads.  Its  success  depends  only  upon  the  pilot's  ability  to  engage  the  pay¬ 
load  line.  It  cannot,  however,  be  used  for  heavy  payloads  because  of  high  forces  and  the 
clear  area  requirements. 

For  each  retrieval  technique  considered,  the  following  paragraphs  present  a  sketch  and  gen¬ 
eral  discussion  of  the  system  opercirion,  the  pertinent  portion  of  the  analysis  performed  on  the 
system,  and  the  results  and  conclusions  drawn  from  the  analysis.  In  every  case,  the  deficien¬ 
cies  of  the  system  can  be  classified  in  accordance  with  the  three  most  pertinent  characteris¬ 
tics  listed  previously.  Following  the  discussions  of  the  various  concepts,  the  "Selection  of 
System*"  Section  presents  the  key  points  of  consideration  with  regard  to  each  system  and  dis¬ 
cusses  the  relative  merits  of  all  techniques  investigated. 

The  most  severe  case  in  each  of  the  techniques  presented  is  tor  the  10,000  lb  retrieval  pay- 
load.  Examples  given  in  detail  are  for  the  10,000  lb  case.  Where  appropriate,  evaluation 
factors  are  presented  as  a  function  of  retrieval  pay'oad  weight. 
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Aircraft  Fly-by  Concepts 

This  category  covers  retrieval  techniques  in  which  the  aircraft  trails  a  length  of  line  along 
a  stabilizing  boom  with  a  pick-up  hook  attached  to  the  end  of  the  line.  The  trailing  line 
represents  only  a  small  portion  of  the  total  available  line  wound  on  a  winch  brake  device 
located  in  the  cargo  compartment  of  the  aircraft . 

As  the  aircraft  flies  over  a  target  line  attached  to  the  payload,  the  trailing  hook  engages 
the  target  line/  thus  forming  a  single  line  from  the  payload  to  the  winch.  In  order  to  limit 
peak  acceleration  levels,  it  is  necessary  for  thf  winch  to  pay-out  line,  thus  reducing  the 
rate  at  which  energy  is  imparted  to  the  payload,  and  thereby  reducing  peak  impact  loads 
by  spreading  them  over  a  greater  time  span.  The  winch  is  braked  to  impart  maximum  allow¬ 
able  accelerations  to  the  payload  without  overloading  the  hook-up  tine. 

In  general,  the  impact  loads  an  the  aircraft  function  inversely  with  the  line  length  between 
the  hook-up  point  and  the  payload.  The  major  sub-categories  in  this  section  are  based  on 
the  coupling  line  length  between  the  hook-up  point  and  the  payload. 

Short  Coupled  *•  Low  Aircraft  Approach 

The  concept*  discussed  in  this  section  utilize  a  short  line  length  from  the  hcok-uo  point  to 
the  payload.  The  target  line  is  aucumed  to  be  held  above  the  payload  on  30-foot  stanchions, 
thus  enabling  the  aircraft  ro  effect  hook-up  without  participating  in  preliminary  descent  and 
flare  maneuvers. 

Thre«  systems  are  considered  in  this  section.  These  are: 

1.  Winch-Brake 

2.  Winch- Brake/ Rocket  Boost 

3.  Magnus  Effect  Rotor 

Winch-Brake 

General  -  This  concept  utilises  a  winch-brake  arrangement  which  functions  as  previously 

described. 

in  this  technique,,  mo  aircraft  makes  a  low-levei  pass  50  feet  above  tHe  payload  and  snatches 
the  payload  off  the  ground  by  engaging  a  trailing  steel  line  and  hook  :>nto  a  nylon  line  held 
on  stanchions  above  the  payload.  The  procedure  is  illustrated  in  Figu  e  57. 
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During  the  phase  immediate!*/  after  engagement  is  completed,  after  the  line  becomes  taut, 
the  aircraft  maintains  level  flight  while  paying  out  line  and  accelerating  the  payload  to 
aircraft  speed*  Nylon  line  elonpatf  >n  during  this  phase  supplements  cable  payout. 

When  the  payload  speed  the  same  as  the  aircraft  speed,  the  aircraft  assumes  and  main¬ 
tains  a  specified  climb  rate  and  climbs  out  towing  the  payload. 

Results  and  Conclusions  **  Even  if  ir  is  assumed  fliat  the  60,000-pound  impact  phase  load- 
eng  (for  lU,Uui!  lb.  pay  load/  could  be  managed  by  the  winch  and  aircraft,  significant  pro¬ 
blems  are  present  in  this  system  A  very  elaborate  winch  design  would  be  required,  since 
winch  control,  timing,  arid  operation  are  key  factors. 

The  trajectory  of  the  payload  over  the  ground  indicates  that  too  large  c  clear  area  is  re¬ 
quired  for  this  system.  For  a  10,000  lb.  payload,  some  1700  feet  of  area,  having  obstacles 
no  higher  than  9  feet,  is  required  to  allow  the  payload  to  reach  a  50-foot  altitude.  This 
trajectory  assumes  an  initial  payload  acceleration  ot  6  g’s.  Lower  accelerations  will  result 
in  the  payload  striking  the  ground. 

Analysis  -  Figure  58  depicts  the  winch-brake  ground  snatch  technique.  The  values  given, 
as  in  Figure  59  and  60,  ate  for  a  10, 000 pound  payload.  The  four  key  points  of  interest 
are  shown  with  accompanying  conditions. 

At  point  (I )  the  tow  line  is  hooked  up  and  taut,  the  oircraft  if  at  some  speed  higher  than 
250  feet/second,  to  allow  for  deceleration  to  this  speed  at  the  end  cf  phase  ( I )— (2),  and 
the  payload  is  at  rest . 

During  phase  (l)-(2),  the  payload  is  accelerated  to  aircraft  speed  while  leaving  the 
ground  and  traveling  essentially  in  the  direction  of  the  hw  line.  The  aircraft  winch 
pays  out  line  and  the  line  elongates  such  that  a  maximum  of  60,000  pounds  is  felt  in  the 
line  (6  g‘s  on  the  payload).  While  the  aircraft  decelerates  to  250  feet/second  and  main- 
•  tains  altitude,  the  payload  velocity  vector  approaches  horizontal  as  0  approaches  0  degrees. 
Also  during  phase  (l)-(2)  the  pilot  rotates  the  aircraft  such  that  a  climb  rate  of  2000  fpm 
can  commence  at  point  (2),  the  beginning  of  phase  (2)-(3).  The  aircraft  holds  the  2000 
fpm  for  the  remainder  of  phase  (2)-(3)  and  phase  (3)- (4).  In  order  for  the  C-130  to  meet 
the  2000  fpm  climb  rate  requirement,  8000  pounds  of  JATO  thrust  augmentation  are  re¬ 
quired  for  phass  (2)=(3)  and  (3)- (4). 

At  point  (2)  payload  acceleration  is  completed,  the  tow  line  length  has  extended  to  216 
feet,  including  a  10%  stretch  of  the  nylon  portion,  and  the  payload  is  ut  an  altitude  of 
26  feet  moving  horizontally  at  250  feet/seconcl.  The  aircraft  winch,  which  has  stopped, 
is  now  reversed  to  r the  taw  lino  into  the  aircraft 0 

In  order  to  simplify  the  analysis  and  to  allow  determination  of  the  payload  trajectory  farther 
down  range,  if  was  assumed  that  an  aircraft-mounted  winch  could  be  designed  to  meet  the 
very  difficult  requirements  of  phase  (l)-{2)  above.  The  analysis  presented  is  optimistic  in 
this  respect,  since  any  depreciation  in  winch  performance  will  result  in  an  increase  in  clear 
ground  area  required.  Computer  data  generated  for  the  retrieval  concept  discussed  later 
tr.  this  report  indicates  that  an  ordinary  winch  operated  ..  .rh  a  constant  braking  force  will 
not  meet  the  requirements  of  this  low  aircraft  approach  winch  -  brake  technique.  A  winch 
with  variable,  preprogrammed  braking  will  be  required. 
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figure  59  -  Payload  Trajectory  -  Winch 


Brake  Retrieval  Concept 
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Figure  60  -  Motion  of  Payload  Relative  to  Aircraft  -  Winch  Brake  Retrieval  Concept 


During  phase  (2)-{3),  the  aircraft  climbs  at  2000  fpm  and  the  winch  rpm  increases  from 
0  at  point  (2)  to  a  speed  equivalent  to  a  line  reel-in  rate  of  5  feet/second  at  point  (3). 
The  winch  maintains  a  line  reel-in  rate  of  5  fps  until  the  payload  is  at  final  aircraft  tow 
position,.  A  100- horsepower  winch  is  sufficient  to  meet  the  reel  in  requirements  of  this 
analysis. 

During  phases  (2}-(3)  and  (3)-(4)  the  payload  is  acted  upon  by  drag  forces,  gravi  ty,  and 
line  tension.  In  addition  ft)  the  motion  of  the  payload  resulting  from  these  forces,  the 
aircraft  is  climbing  at  33.4  fps  (2000  feet/minute}  and  the  line  is  reeling  in  at  0-5  feet/ 
second. 

A  computer  program  was  developed  which  takes  the  above  factors  into  account  and  de¬ 
scribes  the  motion  of  the  payload  during  phases  (2)»(3)  and  (3)-(4). 

The  significant  results  of  the  program  for  die  10,000  lb.  payload  case  are  tabulated  in 
Figures  58,  59,  and  60.  Figure  59  is  a  plot  of  the  payload  altitude  versus  range  with 
signifcaftt  noints  in  time  noted.  Figure  60  depicts  the  motion  of  the  payload  relative 
to  the  aircraft.  A  change  in  aircraft  rate  of  climb  was  taken  into  account  beginning 
at  t  ~  11.3  seconds.  In  this  analysis,  in  order  to  show  the  technique  in  the  best  light, 
JATO  was  used  for  10  seconds,  from  t  =  1  ,3  to  t  =  1 1 .3.  After  i  1 .3  seconds  an  air¬ 
craft  rate  of  climb  of  500  feet/minute  was  used. 

Data  were  calculated  up  to  the  time  when  the  payload  had  been  retrieved  to  within  a 
distance  of  50  feet  from  the  aircraft  and  assumed  a  stable  tow  position  for  the  250- 
feet/second  (150-knot)  flight  speed. 

Figure  59  shows  the  track  of  the  payload  up  to  the  time  when  it  has  attained  an  alti¬ 
tude  of  over  100  feet.  Payload  Altitude  after  1T0  feet  is  of  little  interest. 

Figures  61  and  62  present  data  on  the  key  trajectory  points  for  payloads  ranging  from 
,3000  to  10,000  pounds.  Figure  6l  shows  the  relation  between  the  retrieval  payload 
weight  and  the  position  of  the  payloads  lowest  return  to  the  ground  and  the  time  at 
which  it  occurs. 

Figure  62  relates  the  total  ground  clearance  required  to  the  weight  of  the  retrieval  pay¬ 
load.  Ground  clearance  is  measured  from  engagement  point  to  the  point  'where  the 
payload  has  achieved  an  altitude  of  60  feet. 

Tin  remaining  discussion  applies  t p  retrieval  payloads  from  3000  to  10,000  pounds. 

Examination  of  the  data  presented  here  shows  one  very  significant  point.  The  ground 
track  or  range  required  for  the  payioad  to  achieve  and  maintain  art  altitude  of  at  least 
50  feat  is  over  1650  feet.  This  amount  of  clear  area  severely  limits  the  flexibility  of 
such  a  retrieval  system.  Proposed  models  of  the  C-130  can  operate  in  and  out  of  o 
1500-foot  field  (Reference  19)  with  payloads  greater  then  10,000  pounds. 

From  art  operational  standpoint,  the  technique  appears  to  be  feasible  but  places  severe 
demands  upon  the  aircraft  commander  and  crew  and  requires  the  use  of  a  very  sophisti¬ 
cated  winch-brake  mechanism.  During  a  7-second  time  span,  the  gircraft  has  (1)  heokmd 
the  payload  and  (2)  rotated  So  the  required  ciimb  altitude  while  (3)  firing  the  JATO  bot¬ 
tles  at  the  precise  second  required.  The  winch  in  the  aircraft  has  (I)  payed  out  some 
160  feet  of  line  in  approximately  1.3  seconds,  (2)  braked  to  stop,  (3)  reversed  direction, 
and  (4)  achieved  full  roe  I -in  rpa* 
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Point  -  100  Ft. 


The  JATO  firing  and  winch  operation  coub'  be  designed  for  automatic  control,  tricing 
signals  from  tlte  line  loading;  however,  the  lemcmds  on  the  pilot  and  crew  remain. 


IX. 

8 


Payload  Weight  -  1000  Lbs. 


Figure  62  -  Winch  Brake  Concept  Range  Required  for  Payload 
to  Gear  50  Feet 


Significant  engineering  problems  must  be  solved  in  order  to  cause  a  system  of  the  type  de¬ 
scribed  here  to  function  properly.  The  design  of  a  fairly  advanced  winch  is  the  primary 
item. 

It  should  be  noted  that  tho  analysis  here  assumes  the  winch  to  be  capable  of  holding  a  con¬ 
stant  iine  tension  during  the  impact  phase.  In  the  analysis  of  the  selected  "Bal!oon-L  ne" 
retrieval  system  a  winch  with  a  simpler  "Constant-brakeforce'1  capability  is  employed. 

The  computer  program  used  for  the  oalloon  fine  analysis  was  applied  to  the  "winch-brake" 
technique  using  a  constant  brake-force  technique.  Retrieval  was  unsuccessful  in  every 
case.  Also.,  he  winch  must  be  attached  to  the  aircraft  in  a  way  that  will  distribute  the 
high  loading  during  the  hook-up  phase  into  the  fuselage  structure. 
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Winch- Brake/Rocket  Boost 


General  -  This  concept  is  essentially  the  same  as  the  previous  winch-brake  concept  with 
one  primary  exception.  Solid  rockets  are  used  in  the  initial  impact  and  acceleration 
phase  both  to  accelerate  the  payload  ro  aircraft  speed  and  to  lift  it  rapidly  to  an  alti¬ 
tude  above  50  feet. 

The  rockets  are  dropped  with  the  initial  kit  and  are  mounted  to  the  payload  in  a  manner 
similar  to  that  described  in  the  section  on  Payload  Ascension  Concepts.  Figure  63  de¬ 
picts  the  Rocket  Boost  System  attached  to  the  payload  prior  to  retrieval. 

On  engagement,  the  rockets  ignite  and  accelerate  the  payload  along  a  planned  path  so 
that  an  altitude  of  50  feet  is  obtained  after  a  minimal  lateral  *ravel,  and  the  payload 
is  accelerated  without  placing  high  loads  on  the  aircraft  and  winch. 

After  burn-out  of  the  rackets,  the  aircraft  continues  to  climb  and  tow  the  payload  up 
and  out  of  the  area. 

Results  and  Conclusions  -  This  system  is  considered  impractical  for  operation  in  a  field 
type  environment.  The  handling  and  mounting  requirements  of  solid  rockets,  particularly 
of  the  size  required  in  this  system,  are  not  compatible  with  field  operations. 

Analysis  ~  This  technique  requires  a  complex  system  of  components  which  must  be  handled 
under  field  conditions.  A  breakdown  of  the  major  hardware  items  required  for  this  concept 
is  as  follows: 

A/C  Winch  &  Cable 

50  Ft.  Knockdown  or  Telescoping  Stanchions 

Frame  or  Structure  for  Attaching  Solid  Rockets  to  Payload 

Solid  Rocket  Motors 

hjylon  Target  Hook-Up  Line 

The  above  components  must  initially  be  dropped  in  a  kit  from  the  aircraft  and  assembled  by 
ground  crew  psrsersnsl.  The  following  is  an  estimate  of  the  size  and  w  sight  of  solid  roc'  et 
motors  required  to  satisfy  the  requirements  of  this  system. 


rayioud 

Figure  63  -  Winch  Brake/Rocket  Boost  Retrieval  Concept 
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Assume  a  change  of  velocity,  Av  of  300  fps  is  required  and  tiwt  the  I  for  the  solid  propel¬ 
lant  is  180*  Then: 


Tsp).(g) 


W,  +  W  +W„ 
I  p  c 


W,  +  wc 


180  x  32.2  _  j  053 


where: 


W  Pay  load  weight  of  10,500  lb.  (including  500  lb.  for  rochet  support 
c  structure) 

W  1S  Propellant 
P 

Wj  “  Rochet  inert  weight 

W.  +  V/  =  Rocket  gross  weight 
I  p 

w,  +  W  +  W  =  W-.  =  System  gross  weight 
I  p  c  G 


Since: 
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p  I  s 

Wl  Wr. 

1  =  .053  (  — -  +  — ) 

VV  Wn 
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A  solid  racket  system  of  this  si 7#  will  bfl  difficult  to  manage  in  the  fields  The  ground  per- 
sonnel  will  foe  required  to  assemble  the  unit  arod  mount  it  on  the  payload  so  fhatthe  thrust 
vector  of  the  rocket  package  Is  in  the  correct  direction,  if  the  unit  is  misaligned,  the  retrie¬ 
val  attempt  will  be  seriously  jeopardized,  possibly  resulting  in  the  loss  or  damage  of  the  P.  L. 

The  total  rocket  weight  of  704  lb.  will  be  broken  down  into  at  least  3  units  mounted  so 
that  the  rocket  blast  will  not  damage  the  payload.  This  requires  that  the  mounting  struc¬ 
ture  extend  considerably  above  the  payload  (see  Figure  63)  so  that  the  ground  crew  will 
need  lifting  aids  such  as  a  block  and  tackle  or  portable  crane  to  assembly  the  system. 

Additional  complications  could  arise  or  a  result  of  air  dropping  the  racket  system  kit.  The 
shock  loads  sustained  by  the  components  when  dropped  by  the  aircraft  may  cause  them  to 
malfunction.  This  is  a  system  reliability  factor  which  is  not  assessed  in  detail  herein,  but 
is  considered  in  the  system  complexity  rating  discussed  in  a  later  section. 

Also,  the  peak  thrust  of  a  solid  racket  and  the  bum  time  are  functions  of  the  soak  tempera¬ 
ture  of  the  propellant.  Figure  64  depicts  a  typical  plot  of  solid  rocket  thrust  vr^sus  .hre. 


Figure  64  -  Solid  Rocket  Thrust  versus  Time 


In  the  above  figure,  T,<-  T2,  and  represent  propellant  soak  temperatures.  During  the 
pick-up  operation  die  rackets  may  Be  exposed  to  c  variety  of  environmental  temperatures 
so  that  thrust  and  burn  time  could  vaiy  considerably  during  firing. 

The  complicated  nature  of  this  systam  plus  the  critical  winch  design  required  eliminates  (his 
concept  from  serious  consideration. 

Magnus  Effect  Rotor 

General  -  In  this  concept,  the  magnus  effect  rotor  Is  dropped  from  the  aircraft  as  a  kit, 
assembled  and  affixed  to  the  payload  on  the  ground.  The  aircraft  flies  by  and  hooks 
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tii  line  attached  to  the  rotor-payload.  The  hook-up  line  !$  wound  at  the  rotor  in  such  a 
way  that  an  aircraft  engagement  of  the  tow  line  spins  up  the  rotor/  thus  providing  lift 
while  also  accelerating  the  rotor-paylcad  horizontally.  The  rotor-payload  unit  continues 
to  cilmb  with  the  aircraft  and  accelerates  to  the  aircraft  speed.  The  rotor-payload  then 
reaches  a  steady  state  tow  condition  In  trail  behind  the  aircraft.  Figure  65  depicts  the 
inagnus  rotor  in  tow  behind  the  aircraft. 


Figure  65  -  Magnus  Effect  Rotor  Retrieval  Concept 


Results  r«nd  Conclusion;  -  Since  a  magnus  rotor  will  require  complicated  devices  to  provide 

stabintyanJ  control  and  variable  lift  capability  it  lias  been  dropped  from  further  coruidera 
tion. 

Analysis  -  Mathematical  analyses  indicate  that  the  magnus  rotor  can  be  utilized  In  a  sys¬ 
tem  designed  to  retrieve  payloads  on  the  order  of  10,000  pounds. 

In  comparison  with  using  a  gilder  In  a  similar  system  the  magnus  rotori 

1.  Provide*  very  short  takeoffs. 

2.  Iks  a  much  lower  I/O  than  a  glider  producing  the  same  lift  at  the  same  airspeed. 

3.  Presents  a  more  complicated  overall  system  than  the  glider,  which  contributes 
to  lower  reliability. 


Presentation  of  detailed  analysis  on  this  system  is  riot  considered  pertinent  since  one  primary 
factor  eliminates  the  magnus  rotor  from  serious  consideration:  the  rotor  is  capable  only  of 

1  •  I  •  I  .  t  at  .  1  t  a. I  I  at  a*  1  - 


simply  produces  lift  as  a  function  of  the  speed  at  which  it  is  being  pushed  or  pulled  through 
the  air.  In  order  to  achieve  control  on  trie  rotor  additional  aerodynamic  surfaces  must  be 
appcndaged  to  the  otor  and  then  controlled  remotely. 

Since  the  speed  at  which  the  rotor-payload  is  being  towed  will  vary  (during  the  pick-up 
phase  primarily)  and  since  initial  lift  required  is  higher  than  steady  state  lift,  o  simply 
designed  magnus  rotor  will  not  suffice.  The  rotor  to  be  used  in  this  application  will  re¬ 
quire  variable  lift  capability. 

The  excessively  complex  control  system  associated  with  this  retrieval  technique  places  it 
in  an  advanced  state-of-the-art  category  and  eliminates  ft  from  further  consideration. 

Short  Coupled  -  High  Aircraft  Approach 

The  concepts  discussed  in  this  section  utilize  a  short  line  length  from  the  hook-up  point  to 
the  payload.  The  payload  is  lifted  to  several  hundred  feet  by  eitlior  a  balloon  or  solid 
rockets  and  the  airplane  flies  over,  hooking  a  target  line  above  the  pay  loud. 

Two  systems  are  considered  in  this  section: 

Balloon  Payload  Ascension 
JBt.  Rocket  Payload  Ascension 
Balloon  Payload  Ascension 

Qfjpprq)  -  This  payload  ascension  technique  operates  in  the  folio-wing  manner.  The  air¬ 
craft  makes  a  low-level  pass  and  drops  a  kit  containing  the  ascension  Iwi  loon, bottiod 
helium,  associated  lines  and  attachment  hardware.  Ground  personnel  attach  the  balloon 
to  the  payload  and  Inflate  it  using  the  bottled  helium.  The  balloon  ascends  carrying  the 
payload  to  a  specified  altitude  and  ts  guyed  to  the  ground  to  prevent  further  ascension. 


The  aircraft  then  snake*  it*  pass,  snagging  the  balloon  cable  as  depicted  in  Figure  66.  The 
balloon  I#  designed  to  rip  and  deflate  on  pick-up  and  a  leasing  device  releases  mo  guy 
Una  from  tbs  payioad.  The  payload  is  then  In  tow  behind  the  aircraft. 


Results  and  Conclusions  -  The  balloon  ascension  systom  described  above  is  considered  im- 


reasonsi 


(1)  The  forge  size  of  the  balloon  loads  to  several  problems.  Among  these  are  erection 
difficulties  under  field  conditions,  the  associated  time  required  and  alto  drift 
during  the  pick-up  run. 

(2)  The  possibility  exists  that  the  bcil'oon  will  be  destroyed  in  a  pick-up  attempt 
without  effecting  a  successful  rook-up,  This  leads  to  additional  complication 
In  that  a  targe  recovery  parachute  Is  needed  to  save  the  payfaad  should  the 
pick-up  attempt  fall. 
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Analysis  -  Figure  67  diagrams  the  forces  on 
sal  forces  on  the  balloon  isi 


Figure  67  -  Force  Diagram  for  Helium  Balloon 


2 

Assume  a  =  1/2  ft/sec 
Then: 

FB  =  WT  +  ma  *  12,750  lbs 
Fb  -  12,948  lbs. 


foe  balloon  system.  The  ©quailcm  of  t.irstrJrl— 

F  0  =  F,,,  -*  W...  -  mu 

v  El  I 

where  F:g ~  byeuaint  force  on  balloon 

wT  =  ww  +  w  +w  +WD 

I  C  p  K 

Wg  ~  weight  ef  balloon 

V'-,'  =  weight  of  safety  cbtte 

c 

Wp  e  weight  of  payload 

WR  =  weight  of  harness,  lines  etc. 
at  the  payload 

m  =  total  mass  of  system  = 

9 

a  =  vertical  acceleration 

Weight  estimates 
WB  “  750  lbs. 

W  =  1000 

c 

wp  *  10,000 

WR  =  1000 
WT  =  12, 750  lbs. 

+2^H  .  1/2 

32,2 
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The  buoyant  fore®  generated  by  the  displacement  of  air  with  Helium  Is  given  by: 

fB  “  £avb"  P»  v8  =  v0  <  Pa  -  A,>  (72) 

where: 

^  80  density  of  air  in  lbs/ft3 

-■*  volume  of  air  in  ft*1 

density  of  helium  in  lbs/ft3 

To  determine  the  balloon  volume  required  than 

Vfi  »  .  »  12,94b  =  12,94b 

8  <  ^  -  PM)  «0765  •“  .0111  .0654 

VfJ  *  199,000  ft3 

Assuming  thw  balloon  is  ellipsoidal,  the  volume  is  given  by 

VR  =  ifrobc 

8  3 

where  c  are  the  lengths  of  the  HJmi>oKsi,  (See  Figure  60). 


1<S0 


Letting  c  =  b  and  o  =  3c  the  volume  in  terms  of  "a",  the  length,  is 


I#  _  4  o  o  _  4  3 

VR  =  -  a - =  —  77  a 

B  3  3  3  27 


a=  (  2/V&  }1/3  ^(27x  198,000  } 
4TT  ATT 

a  =  75.  ft. 


=  (426,000) 


2a  =  length  -  150  ft. 

2c  =  diameter  =  ~  =  50  ft. 
3 


Figure  69  presents  the  helium  balloon  size  required  for  payloads  from  3000  to  10,000  lbs. 
The  large  size  of  these  balloons  suggests  serious  problems  with  ground  handling  and  In¬ 
flation,  Involving  an  appreciable  assembly  and  erection  time.  Gusting  surface  winds 
could  make  it  impossible  to  erect  the  balloon. 

The  problem  of  releasing  the  balloon  after  aircraft  engagement  Is  made  is  also  significant. 
The  do  I  loon  must  be  rapidly  deflated  rather  than  simply  released,  since  it  must  be  se¬ 
curely  affixed  to  the  payload  prior  to  pick-up.  Unless  the  balloon  Is  destroyed  rapidly 
It  will  create  unmanageable  drag  for  the  aircraft.  Additionally,  a  safety  parachute  is  re¬ 
quired  to  get  the  payload  back  down  safely  in  went  the  balloon  is  destroyed. 


After  engagement.  In  order  to  keep  Impact  forces  as  low  as  possible,  It  is  necessary  for 
the  winch  to  pay  out  several  hundred  feet  of  tow  line.  Consequently,  the  payload  then 
swings  down  In  an  arc  toward  the  ground .  Therefore,  in  order  for  the  system  to  operate 
properly,  «  pick-up  altitude  of  300-1000  feot  is  required. 

At  1000  ffint  In  a  30  knot  wind  a  tethered  balloon  of  198,000  ffi  volume  undergoes  a 
maximum  excursion  of  approximately  250  feet,  making  It  a  somewhat  difficult  target. 
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Retrieval  Payiood  Weight  -  1000  Lb. 


Figure  69  -  Balloon  Payload  M'wiilon,  Balloon  Size  wtut 
Retrieval  Payload  Weight 


Rocket  Ascension/Parcchyte  Retrievol  Concept 

Ganaiol  -  In  this  concept „  the  retrieval  aircraft  first  makes  a  pass  and  drops  a  kit  contain¬ 
ing  a  solid  rocket  ascension  system  and  parachute. 

A  ground  crew  dissembles  the  rocket  ascension  system  and  mounts  it  to  the  payload.  At  a 
time  controlled  by  the  pilot  of  the  aircraft,  tire  rockets  are  fired,  lifting  the  system  to  a 
predetermined  altitude.  The  parachute  opens  and  allows  the  payload  and  spent  rocket  unit 
to  begin  a  slow  descent.  The  aircraft  then  pusses  and  engages  the  parachute  -  payload  by 
snagging  a  line  suspended  on  "ears"  above  the  parachute. 

Figure  70  depicts  the  operation  of  this  concept. 


Peak 


Figure  70-  Rocket  Ascenslor/Parachute  Retrieval  Concept 


Results  and  Conclusions  -  Thore  are  many  factors  which  make  this  system  impractical  for 
payload  retrieved  operation*.  The  primary  factors  are: 

(1)  The  high  accelerations  and  loads  on  the  payload  and  aircraft  at  engagement, 

(2)  The  limited  time  available  to  engage  the  payload  during  the  descent  of  the 
system,  and 

(3)  The  difficulties  which  will  be  experienced  by  the  ground  crews  in  assembling 
tho  ascension  system  for  proper  operation. 

Analysis  -  Since  the  payload  and  parachute  are  descending  and  have  essontially  no  hori- 
zonfal  speed ,  the  engag»ftf/sni  phnwa  impact  loads  are  higher  titan  if  the  payload  were 
located  on  the  ground.  Tho  section  on  ground  snatch  techniques  in  this  report  discusses 
the  elaborate  winch  system  which  h  required  to  handle  a  ground  snatch  of  the  payload.  A 
winch  of  the  seme  type  would  m  required  for  the  rocket  ascension  technique,  and  must  bo 
designed  to  handle  oven  higher  loan. 
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The  payload  must  also  bu  lofted  te  a  substantfal'oitjiuds  te  allow  a  reasonable  period  of 
time  for  engagement  by  the  aircraft.  The  required  altitude  can  be  estimated  as  follows. 


Time  for  plane  to  circle:  Radius  of  turn  is  4000  feet  at  speed  of  250  fps. 
-  distance  _  277k  4000 
*  -  speed  250 


-  100  seconds 


o  Assume  parachute  allows  cargo  to  drop  at  a  speed  of  25  feet/second. 

o  Ai!av  1 00  feet  drop  from  peak  for  chute  to  open.  Assume  that  last  pass  must  be 

made  at  a  minimum  altituae  of  300  feet. 

For  each  phase  of  the  pick-up  sequence,  the  payload-chute  descent  is  estimated  as 
follows: 


Pqylood/Chute  Descent  Distances 

chute  opening  100  ft. 

during  first  pass  50  ft. 

a/c  circling  2500  ft. 

margin  above  ground  600  ft. 

Total  Altitude  3250  ft. 

Allowing  an  additional  margin  of  250  feet,  the  total  minimum  altitude  required  For  just  two 
paues  at  the  payload-chute  target  Is  3500  feet.  For  each  additional  pass,  an  additional 
2500  feet  of  altitude  is  needed. 

A  syctem  of  this  nature  requires  perfect  timing  in  order  to  be  successful.  The  initial  posi¬ 
tion  of  the  aircraft  relative  to  the  payload  and  chute  must  be  fairly  exact  in  order  to  pro¬ 
vide  a  good  chance  of  success  on  tne  first  pass  and  allow  sufficient  time  for  a  second  pass. 
Engagement  must  be  made  with  a  moving  target  which  makes  the  task  even  more  difficult. 

Another  significant  disadvantage  to  this  system  Is  the  delivery,  ground  handling,  and 
assembly  of  the  rocket-chute  ascension  system. 

A  similar  solid  rocket  ascension  system  h  discussed  In  the  section  on  ground  snatch  techni¬ 
que*.  The  discussion  of  Hie  system  In  that  section  applies  to  the  payload  ascension  system 
being  considered  here.  However,  In  this  case,  the  rocket  system  is  even  heavier  since  a 
chute  it  included  and  the  total  package  must  be  given  a  larger  Av  to  attain  the  3500  feet 
of  altitude  required. 


Long  Coupled  -  Low  Aircraft  Approach 

A  long  line  It  employed  In  this  concept  to  connect  the  aircraft  with  the  payload.  In  the 
Lifting  Line  concept,  the  line  is  extended  up-rangs  toward  the  approaching  aircraft.  In 
the  Glider  and  Parowlng  concepts,  the  line  is  extended  downrange. 

In  all  eases,  stanchions  are  used  to  hold  the  nylon  target  line  aloft  for  engagement  by  a 
trailing  aircraft  hook. 
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Four  concepts  are  discussed  in  this  section; 

Lifting  Line  Glider  Pcrawing  Trailing  Airborne 

Lift  Device 

Lifting  Line 


Genera i  -  This  system  consists  of  a  line  equipped  with  a  number  of  aerodynamic  vanes 
spaced  at  various  points  along  the  line.  The  vanes  serve  a  dual  purpose:  They  shape 
the  line  to  damp  trie  build-up  of  forces  in  the  system  and  also  provide  small  increments 
of  lift. 

The  line  can  either  be  laid  out  along  the  ground  in  the  direction  of  aircraft  approach 
and  the  hook-up  portion  held  aloft  on  stanchions,  or  the  entire  lifting  line  length  can  be 
held  aloft  by  a  balloon,  fha  latter  technique  should  actually  be  classified  as  a  "Long 
Coupled  -  High  Aircraft  Concept,"  but  due  to  the  similarities  of  the  two  techniques  they 
are  discussed  together  in  this  section. 

in  the  former  concept,  the  vanes  are  positioned  along  the  ground  in  the  direction  from 
which  the  aircraft  is  to  approach.  The  hook-up  end  of  the  line  is  held  aloft  by  50-foot 
stcnchions  to  allow  the  aircraft  to  make  a  pass  <  t  no  lower  than  a  60-foot  altitude. 
Theoretically,  the  line  begins  to  "fly"  off  the  ground  after  engagement,  shaping  itself  as 
shown  Vi  Figure  71,  so  that  the  payload  lifts  off  in  a  near  vertical  trajectory , 


Payload 


Figure  71  -  Lifting  Line  Retrieval  Concept 


The  latter  concept,  in  which  tho  lifting-line  equipped  with  vanec  is  held  aloft  by  a  bal¬ 
loon,  operates  similarly  to  the  suspended  balloon-line.  Th®  primary  function  of  the  vanes 
Is  the  same  as  when  the  line  is  initial!/  on  the  ground.  The  vanes  curve  the  line,  reduce 
impact  loads,  and  give  the  payload  <1  near  vertical  trajectory. 

Results  and  Conclusions  -  This  system  is  considered  to  be  impractical  for  a  number  of  rea¬ 
sons.  The  primary  difficulties  stem  fiwi  the  operation  and  handling  of  such  a  system. 

In  order  to  retrieve  e  10, 000-pound  pgyloscS,  for  example,  it  is  nocessory  to  drop  an 
equipment  kit  weighing  at  least  7500  pounds.  Figure  72  depicts  the  relation  between  total 
kit  weight  and  retrieval  payload  weight  for  payloads  from  3u00  to  10,000  pounds. 
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Pcylood  Weight  *  1200  Lb*. 


"  Lifting  On*  Technkwg  (i®u5evol  Kit  Weight 
v#rau*  Ratrfc  val  Ptoylo-wJ  WoFght 


A  third  reason  is  that  the  complexity  of  such  a  system  makes  successful  operation  in  the 
field  unlikely. 

Analysis  -  initial  consideration  was  given  to  constructing  a  computer  program  to  simulate 
the  lifting  line  technique. 

The  mathematical  simulation  of  the  lifting  line  concept  involves  the  determination  of  line 
shape  as  a  function  of  time.  The  line  shape  is  defined  by  the  aerodynamic  forces  and  the 
tension  due  to  the  accelerating  payload.  Tne  aerodyrtami :  forceat  each  pointon  the  line  is 
afunctionof  local  velocity,  and  this  velocitydistributionisconstrained  by  the  continuity 
of  the  line.  The  result  is  a  very  complex  variational  problem.  The  calculus  of  the  varia¬ 
tions  problem  is  further  complicated  because  of  different  end  conditions  before  and  after 
the  payload  has  lifted  off  the  ground.  All  of  the  parameters  involved  are  functions  of 
time,  in  addition,  since  aerodynamic  characteristics  are  locally  discontinuous  when  vanes 
are  stalled,  this  problem  is  not  amenable  to  an  exact  analytic  solution,  in  view  of  these 
factors,  a  numerical  computer  solution  would  involve  a  major  expenditure  of  effort.  Such 
a  program  was  considered  to  be  beyond  the  scope  of  this  study. 

In  lieu  of  a  computer  program  analysis,  a  simpler  approach  was  taken  for  a  cursory  evalu¬ 
ation  of  the  lifl.ng  line  concept. 

The  most  significant  feature  of  the  lifting  line  concept  is,  of  course,  the  aerodynamic 
vanes  spaced  at  intervals  along  the  line.  A  primary  consideration  is  the  size  and  weight 
of  these  vanes.  Three  simplified  techniques  were  used  to  estimate  the  vane  size  required 
for  this  system.  The  results  of  the  estimates  were  similar,  and  the  calculations  indicate 
that  an  excessive  amount  of  total  lifting  surface  is  required. 

Figure  73  illustrated  one  of  the  three  techniques  used  for  estimating  the  vane  size.  Assume 


Freed  Bqloon 

4^ — 


Figure  73  -  Lifting  Line  Geometry 


initially  that  there  it  only  one  vane,  at  thown  In  Figure  73,  and  that  the  vane  it  designed 
to  lift  the  payload  near  vertically  at  a  3g  acceleration.  Further  simplifying  assumptions 
are  that  an  instantaneous  steady-state  condition  Is  being  observed,  thus  eliminating  accel¬ 
erations,  and  that  vertical  speed  is  negligible  compared  to  horizontal  speed. 

The  forces  ort  the  single  vane  are  shown  in  Figure  74. 


Therefor**: 


D 


F 
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Figure  74  -  Force  Diagram  for 
Lifting  Surface 


£  Fy  *  0  =  L  +  T  cos  0  -  Fy  (73) 

^  -  0  =  T  sin  0  -  D  (74) 

where: 

L  =  Lift  on  vane 

T  *=  Line  tension 

D  -  Drag  on  vane 

Fy  =  Vertical  force  on  payload 

0  =  Angle  of  tow  line  to  vertical 

Assume  that  the  vane  operates 
at  an  l/D  of  5,  then: 

I/O  -  5;  L  =  5D  (75) 


Solving  the  above  equations  yields: 


(1  +  £°LJL  ) 

5 

let:  Fy  =  3  mg 

0  =  30°  t 

cot  0  =  1 . 732 

then  using  a  10,000  pound  samp's  payload; 
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=  .-iilltL-  ,  3.x  10/000/32.2  x  32.2 

o + £s^®) 


L  =  22,300  pounds 


The  vane*  are  operating  at  a  wide  range  of  angles  of  attack.  Assuming  a  maximum  of  1 .0 
for  each  vane,  and  a  linear  versus  OC  curve,  an  average  is  taken  as  0.5  for  the  single 
vane . 


If  the  aircraft  has  a  horizontal  speed  of  250  feet/second  artd  the  payload  has  a  horizontal 
speed  of  essentially  zero,  the  speed  of  the  single  vane  can  be  estimated  at  no  more  than 
2/3  of  the  aircraft  speed,  or  167  feet/ second „ 

The  toi  il  lifting  surface  area  can  be  estimated  by: 


where 

l  =  22,300 

CL  -  0.5  (average  Cj  for  all  operating  vanes) 
q  =  1/2  p  ?2  =  1/2  x  .00238  x  I672  =  33.2 


S,  = 


22.300 
0.5  x  33.2 


ST  =  1350  fee/ 


(76) 


Assume  that  a  total  of  30  vanes  are  distributed  along  the  more  efficient  portion  of  the  line. 
Each  vane  must  then  bo. capable  qf  withstanding  loads  associated  with  the  maximum  of 
1 .0  and  the  maximum  q  of  75  psf  (v  =  250  feet/socond) . 

Tne  maximum  lift  each  vane  must  be  capable  of  withstanding  then,  is: 

lv-CLSv« 

where 

Sv  =  =  45  feet2 

Ly  =  ).0x/3;<75 
Ly  =  3370  pountit 


and  the  drag: 

Dy  =  =  675  pounds 

A  van®  design  can  then  b«  ‘Njggested  as  shown  In  Figure  75. 


/*-  c 


Figure  75  -  Representative  Lifting  Surface  Configuration 


Sy  =  b  x  c  =  45  feet^  (78) 

let:. 

b  "  9 
c  =  5 

•/ 

Assuming  an  optimistic  weight  for  the  lifting  surface  of  5  pounds/feet  -  the  weight  of  each 
von®  is  then: 

Wy  s:  45  x  5  ~  225  pounds  (79) 

The  total  weight  of  30  vanes  is  then: 

WT  =  30  Wy  =  6750  pounds  (80) 

First  considering  th®  concept  in  which  a  helium  balloon  is  used  to  support  the  lifting-line,.  It 
can  be  seen  that  th®  balloon  s»xe  required  is  excessive.  Tho  total  weight  to  be  supported  by 
the  balloon  will  include  some  6750  pounds  of  vanes  plus  at  least  250  pounds  of  nylon  lino. 

3 

In  order  to  support  the  total  of  7000  pounds,  a  balloon  of  1 14,000  feet  volume,  some  126 
feet  long  and  42  fast  across  is  required. 
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The  weight  breakdown  of  the  initial  drop  kit  is  approximated  by: 


Balloon 
Helium  bottles 
Nylon  line 
Lifting  vanes 
Payload  harness 
Total 


520  pounds 
5,000  P'wxfe 
250  pounds 
6, 750  F°urKk 
500  pounds 
13,020  pounds 


This  in  order  to  retrieve  10,000  pounds,  roughly  13,000  pounds  must  be  delivered. 

For  the  concept  wherein  the  lifting  line  is  laid  out  on  the  ground  and  stanchions  are  used, 
the  system  weighs  at  least  7500-8000  pounds,  (See  Figure  71).  The  Mkelyhood  that 
lifting  line  will  function  in  practice  as  predicted  in  theory  is  unknown.  Unless  the  line 
"flies"  off  the  ground  perfectly,  the  retrieval  attempt  may  fail,  damaging  or  destroying 
o  sizeable  portion  of  tne  retrieval  gear  as  weli  as  the  payload. 


Fixed-Wing  Glider 

General  -  The  system  depicted  in  Figure  76  is  composed  of  a  fixed-wing  glider  mounted  to 
tne  payload  on  the  ground,  a  nylon  line  attached  to  the  glider/payload,  and  stanchions  to 
support  the  nylon  line  for  engagement. 

The  purpose  of  the  long  nylon  line  is  twofold:  (1)  the  stretch  in  the  nylon  (up  to  20  percent 
of  original  length)  reduces  peak  impact  loads,  and  (?)  the  line  coming  into  the  payload  in 
the  horizontal  plane  allows  acceleration  of  the  glider/payload  in  the  correct  direction.  If 
a  short  line  is  used,  as  discussed  for  other  systems,  the  vertical  glider/payload  acceleration 
would  be  too  great  as  compared  to  the  horizontal  acceleration. 

The  components  are  dropped  in  kit  form  from  the  aircraft,  assembled  by  ground  personnel, 
and  attached  to  the  payload  , 


Figure  76  -  Fixed-Wing  Glider  Retrieval  Ccncvpi 
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The  aircraft  approaches  the  target,  engages  the  line  and  pulls  the  glider/payload  along 
the  ground  until  It  reaches  flying  speed.  The  device  then  flies  off  the  ground  in  tow  by 
the  aircraft. 


Results  and  Conclusions  -  The  fixed-wing  glider  is  not  acceptable  for  use  in  the  system  de- 
scrlbed  for  three  reasons; 

1 .  Glider  size  and  weight;  A  glider  capable  of  retrieving  10,000  pounds  weighs  at 
least  10,000  pounds  and  requires  a  wing  span  of  35  to  40  feet. 

2.  Ground  roll  required:  Holding  a  maximum  line  tension  of  25, 000  pounds  (con¬ 
trolled  by  wincn  payout)  the  ground  roll  required  for  the  glider  to  c’ear  a  50- 
foot  obstacle  was  computed  to  be  1200  feet. 

3.  Field  operation:  It  is  impossible  to  have  a  glider  function  properly  in  this  appli- 
cation  without  either  a  crew  on  board  or  an  elaborate  remote  flight  control  sys¬ 
tem. 


Analysis  -  Assuming  a  lift  coefficient,  C^,  of  1 .2  a  sea  level  density,  and  a  steady 

state  tow  speed  of  150  knots  (250  feet/second),  the  wing  area  far  such  a  glider  can  be  de¬ 
termined  . 


(81) 


where 

L  =  total  lift  required  of  glider  ■  payload  weight  +  glider  weight  -  20,000 

fiounds  (based  on  WWII  gliders,  where  gross  weight  is  about  twice  pay- 
oad  weight) 

CL  »  1.2 

q  *  75  ps#  (@  250  fps) 


tb'jn 

S  *  =  220  feet2 

An  example  ef  a  wing  this  size  is  one  with  a  6-foot  chord  and  roughly  a  37-foot  span. 

A  computer  program  was  developed  to  determine  the  take-off  distance  required  for  the 
glider/payload  to  clear  a  50-foot  obstacle. 

The  program  was  designed  to  take  Into  account: 

1 .  Line  elongation  during  early  engagement  and  around  roll  • 

2.  Line  reel-out,  when  line  tension  reaches  a  preset  maximum. 

3-  Change  in  angle  of  attack  of  the  glider/payload. 
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The  program  i  eglects: 

1 .  Ground  roll  friction 

2.  Ground  effects 

3.  Crosswind  gust  effects 

Several  ^llder/payload  weights  were  analyzed  at  tow  line  tensions  of  25,000/  35, 000, and 
45,000  pounds.  Results  of  the  initial  runs  were  examined  for  effect  on  the  aircraft  perfor¬ 
mance. 

The  deceleration  of  the  aircraft  during  the  pickup  of  the  glider/payload  was  determined 
through  the  following  relation: 

^Fx  =  0  =  T  -  D  ■■  FL  cos  8 -ma  (82) 

where 

T  =  Aircraft  thrust  available 
D  -  Drag  of  aircraft 
Fj_  =  Line  tension 

9  =  Line  angle  with  horizontal 

in  =  Mews  of  aircraft 
a  =  Deceleration  of  aircraft 

Referring  to  the  aircraft  limitations  section  of  this  report  it  can  be  determined  that  the  ex¬ 
cess  thrust  available  for  the  C-130  at  "he  flight  condition  of  this  analysis  is  roughly  18,700 
pounds.  Therefore,  in  the  above  equation: 

T  -  D  =  18,700  pounds 

Assuming  that  6  is  small  and  cosO  =  1.0,  then: 

18,700  -  F. 


substituting  =  25,000  pounds,  and 

m  _  moos 

y 

-6.300  x  32.2  2 

- - *T2iS6» - 1.69  ft/sec 

The  deceleration  time  was  determined  from  the  computer  run  to  be  8.3  seconds.  Therefore 
the  loss  in  airspeed  for  the  aircraft  is: 

V  =  a  t  (e3) 

-1 .69  x  8.3  =  14  ft/sec  ~  Ci.3  knots 
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V  = 


it  versus  Take-off  Distance  -  Fixed  Wing  Glider 


A  similar  analysis  for  a  line  tension  of  35,000  pounds  was  performed  yielding  an  aircraft 
deceleration  of  15.8  knots. 

Since  the  aircraft  is  at  a  very  low  altitude  ok  I  low  air  speed,  its  deceleration  should  be 
kept  to  a  minimum.  The  remainder  of  the  an:  '/sis,  therefore,  was  restricted  to  use  of  a 
25,000-pound  tow  line  tension. 

Figure  77  presents  the  pertinent  results  of  the  analysis. 

Note  thot  ior  a  glider/payload  weight  of  20,000  pounds  the  distance  required  to  clear  a 
50-foot  obstacle  was  computed  to  be  1200  feet.  This  value  represents  the  largest  ground 
clearance  required  of  the  retrieval  techniques  considered,  wim  the  exception  of  the 
"winch-brake"  system  which  requires  1700  feet. 

Parawing 

General  -  This  system  functions  as  the  glider  system  previously  described.  The  parawing  is 
stored  in  rhe  aircraft  and  delivered  in  similar  fashion  to  the  glider. 

Results  and  Conclusions  -  Since  the  parawing  cannot  be  towed  at  speeds  higher  than  86 
hnotr  as  shown  in  the  section  on  circling  line  concepts  of  this  report,  further  analysis  of 
this  retrieval  system  was  not  required. 

Trailing  Lift  Device 

General  -  A  system  was  considered  in  which  a  lifting  device  is  towed  over  the  pickup  point 
on  a  low  approach,  as  shown  in  78.  A  system  of  lines  connect  the  aircraft  with  the  lift  de¬ 
vice  such  that  the  engagement  hook  is  located  at  a  point  between  the  aircraft  and  the  lift 
devices. 


- tftl- 


Figure  78  -  Trailing  Lift  Device  Retrieval  Concept 


When  hookup  is  effected,  the  payload  moves  up  and  aft  relative  to  the  aircraft  in  a  some¬ 
what  elliptical  path.  As  the  payload  reaches  aircraft  and  lift  device  speed  it  is  retained 
in  a  position  near  the  lift  device  and  both  units  are  towed  by  the  aircraft. 

The  primary  purpose  of  the  rather  elaborate  system  of  cables  or  lines  is  to  allow  transfer  of 
.momentum  to  the  payload  at  a  slow  rate,  thus  reducing  impact  loads. 
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Results  and  Conclusions  -  This  system  is  considered  impractical  because  of  limitations  as- 
wclatSTwftK  catyJidate  lift  devices  and  die  operational  problems  associated  with  the  use 
of  such  a  system  in  the  field. 

Analysis  -  Successful  operation  of  this  system  requires  exact  component  positioning  prior 
to  and  after  engagement.  Under  field  condition,  gusts,  crosiwinds,  and  theimais  make  it 
extremely  difficult  to  fly  the  system  in  the  manner  required. 

Two  candidate  lift-devices  for  this  system  are  the  glider  and  the  parawing. 

Analysis  of  these  two  devices  in  other  sections  of  this  report  indicate  that  (1)  the  parawing 
cannot  be  used  due  to  speed  limitatbns.,  and  (2)  the  glider  has  serious  deficiencies  In  re¬ 
trieval  applications.  A  glider  suitable  far  use  in  this  application  must  weigh  at  least  as 
much  as  the  retrieval  payload  pounds  and  have  either  a  crew  on  board  or  an  elaborate  re¬ 
mote  contra  I  flight  system. 

long  Coupled  -  High  Aircraft  Approach 

The  techniques  and  systems  considered  in  this  category  utilize  a  long  nylon  coupling  line 
between  the  aircraft  and  the  payload  to  be  retrieved.  The  target  line  is  lofted  to  a  speci¬ 
fied  altitude  as  dictated  by  the  requirements  of  each  system.  The  aircraft  passes  over  the 
target  line,  engages  a  trailing  hook  onto  the  line,  and  lifts  the  pavload  in  a  near  verti¬ 
cal  trajectory. After  engagement  loads  have  subsided,  the  aircraft  begins  to  climb  and 
reef-in  line  as  the  payload  oscillates  and  finally  rests  in  a  steady-state  tow  position. 

Five  concepts  are  classified  in  this  category.  These  are: 

Lifting  Line  -  High 
Balloon  Line 

Balloon  Li’ie/Rocket  Boost 
Line  Rotary  Lift  Device 
Rocket  Line 

Lifting  Line  -  High 

This  concept  was  previously  discussed  under  the  heading  of  "Lifting  Line. " 

Balloon  Line 

General  -  This  system  uses  a  helium  balloon  to  lift  the  payload  retrieval  line  aloft,  while 
the  |<iyload  remains  on  the  ground.  This  concept  is  illustrated  in  Figure  79. 

On  an  initial  pass,  the  aircraft  drops  a  kit  containing  the  balloon,  retrieval  line,  and  har¬ 
ness.  A  ground  crew  attaches  the  kit  to  the  payload,  inflates  the  balloon,  and  restrains 
the  payload  line  as  the  balloon  ascends  to  the  planned  altitude.  The  aircraft  returns  and 
engages  the  cross  line  above  the  balloon,  destroying  or  freeing  the  balloon  and  lifting 
the  payload  off  the  ground , 

The  aircraft  v/inch  allows  line  pay-out  and  holds  the  maximum  acceleration  on  the  payload 
to  3g'$.  As  soon  as  possible,  the  winch  stops  pay-out  and  begins  to  reel  the  payload  into 
a  position  near  the  aircraft.  The  payload  Is  then  towed  to  base. 
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Figure  79  -  Balloon  Line  Retrieval  Concept 


Results  and  Conclusions  -  This  technique  offers  several  advantages  over  the  other  concepts 
analyzed  in  fhe  study; " 

1  o  Lower  aircraft  and  payload  accelerations  and  loading  during  engagement 

2.  Less  winch  pay-out  required 

3.  More  vertical  payload  trajecto.y  off  the  ground  and  o  correspondingly  smaller 
required  clear  area 

It  has  been  concluded  that  this  retrieval  system  is  perhaps  the  most  promising  of  those  con¬ 
sidered. 

A  later  section  of  this  report  presents  a  detailed  analysis  of  the  balloon  line  concept  and  the 
predicted  performance  of  the  system. 

Analysis  -  Several  improvements  over  the  basic  ground  snatch  technique  discussed  previously 
are  afforded  by  the  balloon  line  system  of  retrieval. 
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By  extending  the  nylon  line  to  an  altitude  of  500  feet  or  more,  several  advantages  are  rea¬ 
lized.  The  drag,  elongation,  and  nertia  of  the  line  cause  it  to  form  a  curved  shape  from 
the  aircraft  to  the  payload  after  engagement.  Thir  causes  the  payload  to  Inflow  g  near 
vertical  trajectory  and  clear  the  ground  area  after  a  minimal  lateral  excursion. 

A  second  advantage  of  the  balloon  system  also  results  from  the  properties  of  the  long  nylon 
line.  The  line  elongates  and  curves  over  behind  the  aircraft  thus  requiring  less  winch-cable 
pay-out  than  a  lower  altitude  engagement  technique.  This  results  in  wer  loads  on  the 
aircraft  and  a  less  complicated  winch  design.  A  detailed  discussion  ot  the  balloon  altitude 
;s  presented  in  the  section  on  Performance  of  Selected  System. 

The  equipment  required  is  essentially'  the  same  as  that  presently  used  in  the  Fulton  pickup 
system  currently  undergoing  tests  by  the  Air  Force  (Reference  20).  The  oniy  significant 
differences  in  equipment  required  are  in  size  and  weight  of  the  suspension  balloon  and  the 
nylon  line,  and  a  different  engagement  mechanism  on  the  aircraft. 

In  the  Fulton  system,  the  nose  of  the  aircraft  strikes  the  suspended  line  and  holds  :t  as  the 
lightweight  payload  is  pulled  off  the  ground,  in  the  balloon-iine  retrieval  technique, 
due  to  the  heavy  payloads  involved,  the  aircraft  must  trail  the  hook  from  a  stronger  load 
point  than  the  aircraft  nose.  The  target  line  must  be  suspended  above  the  balloon  and 
therefore  accessible  to  a  trailing  hook  on  the  aircraft. 

On  impact,  the  balloon  will  either  separate  from  the  system,  or  rip  and  deflate  allowing 
the  aircraft  to  tow  only  the  line  and  the  payload. 

Balloon  Line  -  Rocket  Boo'.te' 


-Genei'ai  -  In  this  retrieval  technique,  the  system  operates  essentially  the  same  as  the  bal¬ 
loon  line  system  previously  discussed.  Rockets  are  mounted  or.  the  payload  to  reduce  load 
levels  and  cause  the  payloai  to  rise  more  quickly. 

Results  and  Conclusions  -  The  section  on  Winch- Brake  -  Rocket  Boost  in  this  report  discusses 
the  complexity  and  operational  problems  involved  with  a  rocket  boost  unit  mounted  to  a 
retrieval  payload. 


The  relatively  simple  balloon-line  concept  has  been  shown  to  be  an  attractive  system  from 
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addition  of  boost  rockets  to  the  payload  is  considered  to  be  an  unnecessary  complication 
of  th©  system. 
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Analysis  -  None  required. 

Line  Rotary  Lift  Device 

General  -  In  this  system,  a  powered  rotary  lift  device  is  attached  to  a  ropo  attached  to 
tno  payload.  The  rotcr  device  ascends  trailing  the  rope  to  the  payload  on  the  ground. 
The  rotor  device  Is  then  jettisoned  to  descend  independently  from  th©  rope,  and  a  para¬ 
chute  opens  allowing  the  rope  to  descend  to  a  rate  of  approximately  2.5  feet/second. 

As  the  parachute  and  rope  descend  slowly  tho  aircraft  passes  and  engages  a  target  line 
hsld  abovs  th©  parachute  on  "ears". 
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and  frem  ,i’e  8r00nd  **  ,h'  '«'•<<  •»  -.1  point  near  ,Ke  aircaft, 

S^s3'Jtr*£a  The  .I™  available  for  en- 

lo  an  altitude  of  4000  feet  there  is  time  fer  0^  i«s  Achate 

10Z  orZ^'Lt'Zt,  fZTZ''  slack  line  accumulates  an  the 

spontaneously  causlngan  excessive  »g»  loading  an  the  l;n”a^  nl"L  a0ircSra"?talm°S’ 

sidered  an S t.  C°"  **  M  °9°m'  °lhMwi"  if  be  con- 

Rocket  Une 

^erwrd  -  This  system  operates  in  essentially  the  same  manner  as  the  Line  Rot™  i  if* 
Dev.ce  except  that  the  line  is  carried  aloft  by  a  solid  tockeHn  this  system.  V  ' 

g!|a^cMg;  This  system  is  undesirable  for  the  sum.  reason,  given  for  the 


Aircraft  Circling  Concepts 


This  category  includes  techniques  wherein  the  cargo  aircraft  circles  above  the  payload  on 
the  ground  and  is  connected  to  the  payload  by  the  retrieval  line.  The  concepts  discussed 
in  this  section  employ  various  means  of  effecting  initial  engagement  between  the  aircraft 
and  the  payload  and  of  retrieving  the  payload  after  engagement  is  accomplished.  In  all  of 
the  techniques  presented  in  this  section.  She  engagement  tow  line  is  fed  from  an  aircraft 
mounted  v-inch  and  evenSually  reeled  back  in  by  the  winch  until  the  payload  is  in  a  con¬ 
venient  towing  position  behind  the  aircraft. 

In  contrast  to  the  retrieval  techniques  in  the  preceding  section,  the  retrieval  line  hanging 
aft  c  f  the  aircraft  is  of  considerable  length  and  does  not  have  a  stabilizing  boom.  The 
following  comments  discuss  in  general  the  dynamic  behavior  of  long  towed  cables,  both 
with  and  without  a  body  attached  to  the  end  of  the  cable. 

The  required  length  of  t  he  line  is  determined  primarily  by  the  ratio  of  its  weight  to  the 
aerodynamic  loads  (W/C^S)  and  the  minimum  turn  radius  which  the  aircraft  can  maintain. 
Once  over  the  payload  to  be  retrieved,  a  circling  pattern  is  established  by  the  aircraft  so 
that  each  point  on  the  line  follows  a  circular  pafh  in  ifs  own  horizontal  plane.  For  uni¬ 
formly  disfributed  line  weighf,  and  cables  of  characferistically  high  weight  to  normal  force 
ratios,  the  trailing  line  tends  to  align  itself  closer  to  the  streamwise  direction  as  the  dis¬ 
tance  from  the  aircraft  increases.  Adding  a  pure  drag  force  at  the  end  of  the  line  causes 
an  increase  in  line  tension  and  a  decrease  in  line  sag,  and  the  end  of  the  line  rides  higher. 

If  a  weight  is  added  to  the  end  of  a  trailing  line,  line  curvature  reverses  so  that  the  cable 
angle  of  attack  is  greatest  at  the  point  where  the  load  is  attached,  and  the  end  of  the  cabie 
rides  at  a  lower  altitude. 

In  the  case  of  the  unloaded  cable  of  uniform  weight,  the  line  in  the  vicinity  of  the  aircraft 
departs  from  a  directly  aft  trailing  configuration  and  begins  to  move  across  the  circle  which 
the  aircraft  flies.  Thus  fhe  relafive  wind  direction  on  the  cable  changes  and  an  outward 
directed  aerodynamic  force  develops.  This  force  combined  with  centrifugal  forces  eventually 
balance  the  inwardly  directed  line  tension  forces.  Thus,  successive  points  behind  the  air¬ 
craft  along  the  cable  tend  to  follow  paths  of  decreasing  radii. 

A  different  situation  develops  as  an  aircraft  departs  from  straight  flight  to  a  turning  maneuver. 
The  decreasing  radii  for  each  point  along  the  cable  away  from  the  aircraft  results  in  a  de¬ 
creasing  cable  velocity  to  the  relative  wind,  As  the  aircraft  turns,  the  cable  sag  tends  to 
increase  along  the  line  to  the  point  where  the  increased  angles  of  attack  compensate  the  re¬ 
duced  relative  velocity. 

A  few  years  ago,  Lockheed  conducted  an  analytical  study  of  a  "Yo-Yo"  refrieval  concept, 
(Reference  21). 

In  the  Yo-Yo  concept,  illustrated  in  Figure  80,  a  powered  cab  weighing  approximately  2500 
pounds  is  towed  behind  a  cargo  aircraft.  As  the  aircraft  goes  into  a  circular  flight  pattern, 
the  cab  is  lowered  to  .he  ground  through  the  spiralling  action  of  fhe  cable.  The  aircraft  then 
achieves  a  constant  radius  circular  f ilghl  path  and  the  powered  cab  reaches  a  fixed  position 
under  the  cenisr  of  the  aircraft  flight  circle  near  fhe  ground. 
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Figure  80  -  "Yo-Yc"  Retrieval  Concept 


The  powered  cab  maintains  position  over  the  point  on  the  ground  while  the  air crutf  circles. 
Figure  81  presents  computed  data  relative  to  the  "Yo-Yo"  concept.  The  figure  presents  a 
flight  envelope  for  the  C-130  flying  with  full  flaps  end  maintaining  a  turning  load  factor 
of  n  =  I  .4,  corresponding  to  approximately  o  45°  bank,  ol  1 10,000  pounds  o: reran  gross 
weight.  This  results  in  -j  ru  n  radius  of  1500  feet, 

A  minimum  airspeed  boundary  c-f  l.2Yd  is  shown  for  the  C-130  in  a  45°  bank.  Note  that  the 
data  indicate  that  at  a  speed  of  i 37  knots  and  mi  j't>tude  of  2800  feet,  the  full  2100  pound 
side  thrust  capability  is  required  of  the  powered  cab  to  rnointain  position  over  the  ground. 

Any  decrease  in  altitude  or  increase  in  flight  speed  requires  more  side  thrust  on  the  cob. 

The  amount  of  side  thrust  required  of  the  cab  decreases  with  increasing  altitude. 

Flight  tests  were  conducted  in  support  of  the  "Yo-Yo"  study.'  The  purpose  was  to  determine 
the  capability  of  the  C-130  aircraft  to  maintain  a  constant  altitude,  small  radius,  circular 
flight  path,  as  would  be  required  in  the  "Yo-Yo"  concept.  For  the  fligh*  tests,  the  C-130 
was  flown  at  137  knots  IAS  at  altitude  of  about  2800  feet.  The  radius  of  turn  was  approxi¬ 
mately  1600  feet. 

One  important  fact  discovered  in  the  flight  tests  which  applies  to  ail  circling  line  techniques, 
was  the  degree  of  difficulty  the  entire  C-130  crew  had  in  maintaining  the  prescribed  flight 
pattern.  With  the  copilot  manipulating  power  levers  and  the  flight  engineer  constantly  read¬ 
ing  off  bank  angle,  the  pilot  was  barely  able  to  fly  the  intended  path.  The  procedure  was 
reported  to  lie  very  difficult  and  fatiguing.  Although  the  use  of  the  auto-piio?  eased  the 
difficulties  of  the  crew  somewhat,  the  flight  path  was  still  difficult  to  maintain  since  the 
pilot  was  required  to  assist  the  auto-pilot  to  allow  for  wind. 
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True  Airspeed  -  Knots 

81  -  "Yo-Yo"  Retrieval  Concept  Flight  Regime 


An  additional  difficulty  lay  in  the  inabilily  of  thn  pilot  to  see  the  fixed  reference  point  on 
the  ground. 

The  conclusion  drawn  from  the  flight  tests  is  that  flight  path  control  problems  are  serious. 

It  appears  to  be  very  difficult  for  even  a  very  experienced  pilot  to  maintain  a  constant  alti¬ 
tude,  constant  radius  flight  path  about  a  fixed  point  on  the  ground  in  an  aircraft  of  this  size. 
During  the  20-25  seconds  required  to  traverse  one  half  the  flight  circle,  it  is  possible  for 
the  aircraft  to  drift  as  much  as  500  feet  in  a  15-kr  >t  wind. 

The  above  difficulties  are  amplified  when  requirements  are  added  for  changing  altitude  to 
make  a  ground  pick-up,  towing  a  lift  drag  device,  or  operating  with  a  second  aircraft- 

The  following  sections  discuss  six  specific  circling  line  concepts.  These  are: 

1.  Half-Moon  4.  Single  Line  Balloon 

2.  Derrick  5.  Single  Line  Booster 

3.  Single  Line  6.  Single  Light  Line  -  Balloon 

Half  Moon 

Genera!  This  concept  configuration,  depicted  in  Figure  82,  consists  of  an  aircraft  towing 
a  frainr  ,  V  'q  line.  At  the  end  of  the  trailing  line  is  attached  a  lift-drag  or  pure  drag 
body.  /-*.<!  the  aircraft  flies  a  circular  path,  the  towed  body  is  at  a  point  on  the  flight  path 
*80°  horn  the  circraft.  The  aircraft  and  trailing  lift-drag  body  are  connected  by  o  second 
"crossover"  line  with  a  vertical  ioad  line  attached  at  its  center.  The  attach  point  of  the 
vertical  lift  line  and  the  cross-over  cable  falls  on  or  near  an  imaginary  vertical  line  pass¬ 
ing  through  both  the  payload  to  be  retrieved  and  the  center  of  the  aircraft  flight  path  circle. 


Payload 


Figure  82  -  Half-Moon  Retrieval  Concept 
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Under  rhese  conditions,  the  verticol  load  line  remains  relatively  stationary  above  the  pay- 
lead  and  should  theoretically  be  easily  attached  to  the  payload. 

Results  and  Conclusions  -  This  concept  is  limited  to  light  loads  and  small  aircraft  capable 
of  turning  in  a  radius  *>f  150  to  200  feet.  The  system  is  not  practical  for  larger  payloads 
and  aircraft  primarily  due  to  the  sire  and  complexity  of  the  lift/drag  device  required  and 
the  maximum  allowable  towing  speed  of  such  a  device. 

Assuming  a  J£f|/drag  device  could  be  developed  which  meets  the  requirements  of  this  system, 
the  concept  ts  sti IS  jrHerirable  from  an  operational  standpoint.  The  system  is  extremely 
vulnerable  to  ground  fire  and  a?  discussed  in  the  previous  section  it  is  very  difficult  for  a 
pilot  to  maintain  circular  flight  about  the  payload  on  the  ground,  particularly  in  a  moderate 
cross  wind. 

Analysis  -  The  significant  point  which  eliminates  this  concept  from  consideration  is  the  max¬ 
imum  speed  at  which  n  parawing  or  rogallo  wing  can  be  towed. 

Based  upon  the  current  state-of-the-art,  the  maximum  wing  loading  (i  )  which  can  be  con-  ' 

sidered  for  p  parawing  type  lift  device  is  15.  Below  an  angle  of  attack  cf  20°  a  parawing 
is  subject  to  buffet  and  flutter  and  resulting  instability.  The  corresponding  lift  coefficient, 
C^,  of  a  parawing  af  20°  angle  of  attack  is  0.6. 

Considering  the  following  relations, 

L  “  ClV*  =  <CLSw/°  1/2)1  (v)2  {84) 


2L 

CLSw  P 


CL  P  \ 


Where:  L 

S 


=  :  15  Ib/ft" 


=  0.* 


=  .00233  slugs/ ft'"  (saa  level  density) 


The  maximum  panwing  flight  speed  can  be  determined  as: 


0.6  (.00238) 


21,000 


v  =145  ft/sec  -  86  knots 

max 

This  speed  is  well  below  the  stall  speeds  of  th,  aircraft  considered  in  this  study. 


o 

j 
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If  a  parawing  device  is  developed  which  can  be  towed  at  reasonable  speeds  for  the  aircraft 
under  consideration,  the  device  will  require  a  pitch  attitude  control  capability.  In  addi¬ 
tion,  since  a  large  component  of  the  total  load  is  applied  inward  toward  the  center  of  the 
circle,  a  roll  capability  is  necessary.  The  parawing  must  be  capable  of  rolling  into  a  bank 
and  changing  pitch  so  that  both  vertical  and  lateral  load  requirements  are  satisfied.  With- 
cut  this  roll  and  pitch  capability  in  the  trailing  wing,  the  payload  will  move  laterally 
along  the  ground  instead  of  rising  vertically. 

Another  factor  is  that  it  is  extremely  difficult  for  the  aircraft  pilot  to  control  both  the  air¬ 
craft  position  and  the  parawing  position  so  that  the  vertical  lift  line  stays  in  fixed  position 
relative  to  the  ground. 

Derrick 

General  -  This  retrieval  system,  shown  in  Figure  83,  employs  two  aircraft  flying  180°  apart 
in  a  circular  flight  path  approximately  3000  feet  in  diameter.  The  aircraft  are  connected  by 
a  cross-over  cable  with  a  vertical  lift  line  attached  at  the  center.  The  attachment  point  of 
the  vertical  lift  line  and  the  cross-over  cable  falls  on,  or  very  near  an  imaginaiy  vertical 
line  passing  through  both  the  payload  to  be  retrieved  cod  the  center  of  the  aircraft  flight 
path  circle. 


Under  these  conditions,  the  vertical  load  line  should  remain  stationary  above  the  payload 
and  sltould  theoretically  be  easily  attached  to  the  payload. 

Results  and  Conclusions  •  This  system  has  been  shown  to  be  undesirable  from  an  operational 
sFdndpoint,  OiTficulfiej  in  attaching  the  cross-over  cable  between  the  two  aircraft,  flying 
e  perfectly  circular  flight  path  so  that  the  vertical  lift  line  stays  directly  above  the  payload, 
and  effecting  the  retrieval  and  transfer  to  one  of  the  aircraft,  make  this  system  impractical. 

In  addition,  two  aircraft  are  required,  wh.ch  is  an  expensive  way  to  pick  up  a  5  ton  payload. 
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Ths  two  aircraft  are  extremely  vulnerable  whiie  circling. 

Analysis  -  The  initial  difficulty  of  this  system  is  that  of  effecting  a  connection  of  the  cross- 
over  cable  between  the  two  aircraft.  This  would  probably  be  accomplished  by  using  a  refuel¬ 
ing  type  technique  with  the  lead  aircraft  trailing  the  cross-over  cable.  The  trailing  aircraft 
would  acquire  the  cable  by  an  engagement  device  located  on  the  aircraft  nose.  Since  the 
nose  of  the  trailing  aircraft  would  not  have  sufficient  strength  to  participate  in  the  ground 
payload  retrieval  operation,  the  cross-over  cable  would  be  attached  to  a  suitable  load  point 
or.  the  trailing  aircraft.  This  could  be  accomplished  by  the  use  of  another  “able  connected 
to  the  nose  of  the  aircraft  and  to  the  had  point  on  the  aircraft,  as  shown  in  Figure  84. 


Figure  84  -  Cable  Transfer  Technique  -  Derrick  Retrieval  Concept 


A  remotely  controlled  connection  between  rhe  cross-over  cade  and  the  transfer  cable  must 
be  effected,  followed  by  a  release  of  the  cable  from  the  nose  of  the  trailing  aircraft. 

Having  connected  the  two  aircraft  with  the  cross-over  cable  the  distance  is  increased  be¬ 
tween  the  two  aircraft  until  the  situation  depicted  in  Figure  83  is  achieved.  The  vertical 
load  line  has  been  pre-cannected  to  the  cross-over  cable  and  fed  out  of  the  lead  aircraft 
with  the  cross-over  cable. 

The  process  of  achieving  the  above  arrangement  will  be  tedious  and  time  consuming,  with 
both  aircraft  very  vulnerable  to  ground  fire. 

Assuming  tha*  rhe  circular  flight  path  can  be  achieved  initially  by  the  two  aircraft,  it  will 
be  practically  impossible  for  the  two  pilots  to  maintain  the  flight  circle  about  a  fixed  point 
on  the  ground  due  to  reasons  discussed  previously  in  paragraph  on  circling  line  techniques. 

Finally,  the  procedure  of  transferring  the  payload  to  one  aircraft  after  accomplishing  pick¬ 
up  will  be  tedious.  The  aircraft  must  now  position  themselves  so  that  minimum  "g's"  are 
felt  on  the  ~abie  ano  ai; Taft  when  the  payload  >s  released  from  the  other  aircraft. 

Single  Line 

General  -  In  the  basic  circling  line  technique,  a  single  une  is  fed  from  the  aircraft  as  the 
plane  circles  about  the  payload  on  the  ground.  With  the  correct  weight  and  length  of  line, 
and  the  correct  altitude,  the  line  theoretically  spirals  in  to  a  nodal  point  at  the  payload. 

The  line  is  then  affixed  to  the  payload  and  the  aircraft  begins  a  circling  climb,  causing  the 
payload  to  rise  nearly  vertically  from  the  retrieval  point. 
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Results  ond  Conclusions  -  This  concept  is  considered  to  be  impractical  for  several  reasons. 


It  was  concluded  that  for  a  rope  of  the  size  required  to  retrieve  10,000  pounds  in  this 
manner,  a  circling  altitude  of  approximate!/  5000  feet  is  required  to  achieve  a  nodal  point 
at  the  payload  on  the  ground.  This  represents  a  line  length  of  over  6000  feet,  which  is 
considered  excessive. 


Further,  as  the  aircraft  begins  to  climb,  the  payload  weight  at  the  end  of  the  spiral  line, 
causes  an  unbalance  in  the  system.  The  changed  system  requires  even  more  circraft  alti¬ 
tude  and  line  length  in  order  to  maintain  the  payload  ot  a  nodal  point. 

Additionclly,  the  flight  path  control  problem  is  more  severe  for  this  concept  than  the  others 
considered  sinco  the  aircraft  altitude  is  greater. 

Analysis  -  Figure  81  at  the  beginning  of  this  section  is  reproduced  from  Lockheed  Engineer- 
ing  Report  3406  and  represents  the  minimum  C-130  turn  radius  condition  investigated  in  the 
Lockheed  "Yo-Yo1'  concept  study.  * 

At  a  circling  TAS  of  135  knots  ond  an  altitude  of  2600  feet.  Figure  81  indicates  that  2100 
pounds  of  thrust  are  required  of  a  powered  cab  weighing  2500  pounds  to  counteract  lateral 
line  loads  and  maintain  position  over  a  fixed  point  on  the  ground. 

Ir  can  be  concluded  that,  without  the  2100  pounds  of  side  thrust  available  at  the  end  of 
the  line,  a  much  higher  altitude  is  required  to  achieve  a  nodal  point  at  the  payload.  This 
conclusion  is  further  corroborated  in  a  recent  report  by  Grumman  (Reference  22). 

Grumman  Project  306  reported  that  for  a  payload  of  10,000  pounds,  and  an  airplane 
altitude  of  4845  feet,  a  total  cable  length  of  6500  feet  is  required  to  achieve  a  nodal 
point  at  the  payload. 

Further  insight  into  the  problems  and  difficulties  of  the  circling  line  retrieval  technique 
is  afforded  by  examination  of  Reference  23. 


This  document  reports  on  a  flight  test  program  undertaken  by  the  Air  Material  Command  to 
evaiuate  the  "Circular  Flying  Pickup"  or  simple  circling  line  retrieval  technique.  The 
program  utilized  a  C-47  aircraft  equipped  with  a  power  driven  winch  and  6400  feet  of  3/16 
inch  fiexiole  steel  cable.  The  objective  of  the  rest  was  to  place  the  end  of  the  trailing  line 
onto  a  12-foot  x  12-foot  tarpaulin  placed  on  the  ground. 


This  was  to  be  accomplished  by  paying  out  line  and  circling  above  the  target  until  the  end 
of  the  line,  with  a  red  marker  attached,  was  placed  on  the  tarpaulin. 


The  test  was  unsuccessful  and  a  portion  of  the  results  of  the  report  are  presented  here  for 
information: 


"8  After  40  minutes  of  precision  flying  the  tests  were  discontinued  for  the  following 
reasons: 

a.  At  the  altitude  being  flown  and  with  the  amount  of  cable  being 
payed  out,  the  pilot  was  unable  to  get  the  weighted  end  of  the 
cable  down  to  the  ground. 

b.  Due  to  the  proximity  of  the  hangars  and  other  buildings,  flying  at 
lower  altitudes  or  increasing  the  length  of  suspended  cable  was  too 
hazardous.  " 
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Examination  of  the  results  of  Grumman  Project  306  ond  of  the  Air  Material  Commands, 
flight  test  lead  to  on  interesting  conclusion,  Sim.e  a  3/16”  die  reefer  steel  c  ble  is  roughly 
that  which  will  '  ’equired  to  lift  3000  pounds  (with  o  1 .5  safely  factor),  it  con  be  con¬ 
cluded  that  for  the  range  of  payloaas  from  3000  to  i  0,000  pound'  ,  over  6000  feet  of  cable 
will  be  required  to  achieve  a  nodai  point. 

Another  significant  point  can  be  realized  through  analysis  of  Figure  81  with  regard  to 
the  single  line  concept.  Assuming  a  nodoi  point  is  attained  and  hook-up  to  the  payload 
ii  accomplished,  a  side  load  on  the  payload  wiil  develop  as  the  airplane  begins  to  climb 
and  lift  the  payload,  sine*  the  end  of  the  line  is  no  longer  at  a  nodal  point.  This  side 
load  is  inevitable  unless  tho  airplane  climbs  to  an  even  higher  altitude  corresponding  to  a 
nodal  point  for  the  end  of  the  line  with  payload  attached.  This  conclusion  is  corroborated 
in  a  report  by  All  American  Engineering  Company. 

All  American  conducted  circling  line  flight  tests  with  a  C-119  at  Edwards  AFB  in  January 
1961 .  The  objective  of  the  test  was  to  demonstrate  that  a  fluting  discoverer  capsule  can 
bo  retrieved  using  the  circling  line  technique.  The  above  tests  successfully  demonstrated 
this  technique;  however,  the  report  on  the  tests,  Reference  24,  draws  a  conclusion  which 
substantiates  Lockheed's  findings  in  this  study. 

All  American  states  that: 

“When  the  Discoverer  capsule  broke  water,  it  did  not  remain  in  the  center  of 
the  circle.  It  described  a  sma*!  circle  of  Its  own,  moving  at  a  low  rate  of  speed. 

Its  motion  was  slow  enough  to  prevent  any  damage  to  the  capsule  when  it  was 
placed  back  in  the  water.  Similarly,  it  does  not  appear  that  a  man  would  have 
been  injured  or  distressed  if  he  re-entered  the  water  momentarily  at  that  speed. 
However,  it  appears  that  if  grealei  loads  were  picked  up,  the  larger  the  load, 
thu  larger  the  circle  it  would  deveiop,  and  the  faster  it  would  move." 

In  addition  to  the  pioblem  if  payload  tracking  after  lift-off,  the  engagement  operation 
for  this  system  would  be  difficult  and  hazardous  to  the  ground  personnel  who  would  have 
to  secure  the  "nodal  point"  end  of  the  line  to  the  payload.  Any  gusting  wind  moves  the 
"nodal  point"  causing  the  ond  of  the  line  to  whip  around.  The  slightest  whipping  action 
of  the  line  makes  it  extremely  difficult  to  hold  the  line  to  secure  it  to  the  payload. 

Recently,  Ali  American  Engineering  began,,  under  ARPA  funding,  a  flight  test  program  for 
the  purpose  of  evaluating  a  tingle  circling  line  retrieval  technique  similar  to  the  concept 
discussed  herein.  The  basic  difference  between  the  technique  discussed  in  this  report  and 
the  technique  now  being  tested  by  All  American  is  in  the  manner  in  which  initial  hook-up 
to  the  payioacl  '*  accomplished. 

The  following  paragraphs  discuss  this  technique  in  light  of  other  information  concerning 
circling  line  techniques  p".sentec  in  this  report. 

The  concept  being  flight  tested  by  All  American  operates  as  follows: 

The  line  that  reals  out  the  winch  in  the  aircraft  is  attached  to  a  suitable  weight.  The  air¬ 
craft  mokus  a  low  pass  over  th®  payload,  drops  the  weight  with  cable  attached  in  the  vicin-- 
ify  of  thf '<  payload,  and  begins  a  climbing  turn  while  paying  out  line.  After  the  ar-craft  has 
established  a  circular  pattern  at  a  specified  altitude,  ground  personnel  unhook  the  line  from 
the  weight  and  attach  it  to  the  payload  to  be  retrieved,  or  to  an  "anchor"  point  fixed  in 
the  ground.  In  the  case  where  the  lino  is  attached  to  the  payload,  retrieval  is  effected  a* 
In  the  basic  circling  line  concept. 
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!n  the  case  where  the  ground  "anchor"  is  used,  a  trolley  is  run  down  the  line  attaching 
the  circling  aircraft  to  the  ground  by  using  a  second  winch  and  line.  The  trolley  is  lowered 
to  the  ground/  and  personnel  and/or  equipment  are  taken  off  or  placed  on  the  trolley  and 
it  is  winched  back  op  to  the  aircraft.  This  latter  system  forms  an  "elevator"  to  the  aircraft 
cm  which  lit  ht  paylfiads  or  personnel  may  be  transported  up  or  down. 

Those  two  techniques  are  interesting  and  appear  to  offer  advantages  over  the  basic  circling 
line  techniau*.  However,  there  ore  problem  areas  in  both  concepts  which  should  be  con¬ 
sidered. 

When  large  aircraft  are  to  he  used,  the  turn  radius  is  large  and  the  aircraft  must  circle  at 
several  thousand  feet  to  minimise  side  loads  on  the  ground  end  of  the  hook-up  line.  This 
means  that  the  weighr  which  !s  dropped  initially  must  be  fairly  large  in  order  to  hold  the 
line  end  as  the  aircraft  climbs  and  circles.  The  handling  and  dropping  of  this  weight  from 
a  cargo  aircraft  can  present  problems. 

A  large  clear  area  is  required  since  tho  aircraft  must  make  a  low  approach  in  order  to  ac¬ 
curately  place  the  weight  on  the  ground,  The  subsequent  climb  ana  turn  while  cable  reel- 
out  rakes  plats®  may  permit  cable  entanglement  in  ground  obstacles  unless  sufficient  clear 
space  is  available.  In  the  case  of  large  aircraft  ond  long  lines,  the  side  loads  on  the  ground 
end  of  the  coble  can  amount  to  several  thousand  pounds  as  illustrated  by  Figure  81 .  This 
may  present  a  problem  for  the  ground  crew  as  they  attempt  to  detach  it  from  the  weight  arid 
attach  it  to  the  payload  or  to  an  anchor  point. 

In  the  case  where  the  line  is  connected  to  a  payload  on  the  ground  and  then  retrieved,  the 
analysis  of  the  single  circling  line  applies  to  this  technique. 

In  the  case  whtre  the  line  is  attached  to  a”  anchor  point  to  utilize  an  elevator  technique, 
side  loading  on  the  end  of  the  line  is  the  mo/*  important  consideration.  It  was  sfiown  pre¬ 
viously  that  side  loads  which  are  experienced  at  I  ha  ground  end  of  the  line  can  be  fairly 
high.  These  loads  increase  with  larger  payloads  and  the  anchor  point  must  lie  capable  of 
withstanding  this  without  pulling  out  of  the  ground.  This  suggests  a  heavy  field  installa¬ 
tion  requiring  special  'equipment. 

The  technique  :«  not  cons’durad  to  be  suitable  for  retrieval  of  the  cargo  weights  considered 
in  this  study. 

S ing ie  Lino-Be I  loon 

General  -  As  depicted  in  Figure  85,  the  aircraft  circles  the  balloon  on  an  elliptical  path, 
wdrJehTing  the  major  cud*  of  the  ellipse  until  the  trailing  line  drags  along  the  near  vertical 
lira*  which  connects  tho  balloon  to  the  payload.  The  aircraft  circling  radius  5s  gradually 
increased  >ntil  a  hook  ai  the  end  of  tire  trailing  lino  engages  the  bal'ocn  line.  As  the  air¬ 
craft  returns  »o  a  fixed  flight  heading,  tho  hook  moves  up  to  meet  a  retaining  latch  near 
the  balloon  attachment  point.  The  action  of  the  hook  engaging  th#  latch  actuate*  a  release 
to  free  the  balloon  from  the  system. 

The  aircraft  begins  to  climb  out,  lifting  the  payload  along  a  near  vertical  trajectory,  and 
turns  to  the  desired  heading  while  moling  in  the  payload. 
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Results  and  Conclusions  The  single  line  balloon  concept  is  considered  undesirable  for  tl-.* 
same  reasons  as  those  for  the  single  I  in©  concept. 

Analysis  -  In  this  system,  it  is  not  necessary  for  the  pilot  to  cause  the  trailing  end  of  the 
Une  to  reach  cs  nodal  point  before  engagement.  During  the  hook  engagement  procedure, 
a  low  altitude  con  ba  flown  trailing  a  relatively  short  line. 

However,  after  engagement,  the  plane  must  climb  to  on  altitude  corresponding  to  a  nodal 
point  for  the  end  of  the  line  with  the  payload  attached.  The  remainder  of  the  retrieval 
procedure  is  identical  to  the  single  line  technique  discussed  previously. 

The  procedure  of  hooking  the  balloon  line,  as  depicted  in  figure  85,  requires  considerable 
piloting  skill  although  not  as  much  as  the  engagement  procedure  in  the  trailing  line 
concept. 
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Figure  85  -  Single  Line  -  Balloon  Retrieval  Concept 

The  analysis  given  for  the  single  line  applies  almost  totally  to  the  single  line -ball  win  corf* 
cept .  The  latter  technique  is  considered  undesirable  for  the  name  reasons  as  the  former. 

Single  Line  •  Better 

General  -  This  concept  functions  essentially  the  same  cu  the  Singh  Line  system  with  the 
exception  that  a  rocket  booster  is  attached  to  the  payload.  Tire  booster  {Ires  at  lift-off  of 
the  payload,  thus  reducing  the  loads  In  the  trailing  line  arid  on  the  aircraft, 


Rotujto  end  Conclusions  -  This  concept  it  rejected  for  the  same  reasons  os  the  Single  Line 
Concept. 


Ano lysis  -  The  primary  disadvantages  of  the  basic  Single  Line  circling  line  system  are  not 
related  to  excessive  loads  in  the  retrieval  line.  The  accelerations  are  relatively  lew. 
Therefore,  there  is  no  real  need  for  boost  assist  on  this  concept. 

Single  Light  Line  -  Balloon 

General  -  This  system  operates  essentially  the  same  as  the  Single  Line  -  Balloon.  The 
exception  is  that  a  light  nylon  line  is  used  for  balloon  suspension  and  is  attached  to  the 
heavier  line  on  the  ground.  After  the  aircraft  achieves  engagement  with  the  balloon,  the 
light  line  is  drawn  info  the  aircraft.  When  the  primary  load  line  is  drawn  up  and  into  the 
aircraft,  a  climoing  turn  is  begun  to  lift  the  payload. 

Results  and  Conclusions  -  This  concept  offers  little  advantage  over  the  Single  Line  - 
(kiTToch  system  and  is  rejected  for  the  same  reasons. 

Analysis  -  The  only  advantage  of  this  system  over  the  Single  Line  -  Balloon  system  is  that 
align  ter,  smaller  balloon  is  required. 

It  has  a  significant  disadvantage  in  the  additional  line  length  required  to  do  the  job.  Es¬ 
sentially  twice  the  line'  length  is  needed  for  this  system  as  in  the  Single  Line  -  Balloon 
system . 

This  system  is  the  most  time  consuming  of  ail  the  circling  line  concepts.  It  Is  estimated 
that  from  30  to  40  minutes  are  required  from  the  time  the  aircraft  arrives  in  the  vicinity  of 
the  payload  until  the  time  pick-up  is  completed  and  the  payload  is  in  tow. 

Selection  of  Systems 

Table  XXIX  presents  a  summary  of  the  rerrleval  systems  discussed  in  the  previous  section. 
Opposite  each  concept  are  comments  minted  to  the  deficiencies  or  advantages  of  the  tech¬ 
nique,  and  a  numerical  "merit  rating"  tar  the  concept.  The  lower  rating  numbers  Indicate 
better  system  characteristics.  The  procedure  used  to  arrive  at  the  merit  rating  for  each 
retrieval  concept  is  discussed  in  the  following  paragraphs. 

Vha  merit  of  each  retrieval  concept  was  assessed  by  evaluating  the  concept  from  the  stand¬ 
point  of  the  three  character  is  tics  of  primary  technical  interest.  These  characteristics  are 
repeated  hurt  for  reference: 

(1)  The  complexity  of  the  system  and  accompanying  reliability  level  and 
operational  problems 

(2)  The  size  of  the  clear  ground  area  required  to  effect  the  retrieval 

(3/  Tne  accelerations  and  loads  experienced  by  the  aircraft  during  the  rotrievol 

A  fourth  Item,  power  demands  art  the  aircraft,  wan  shown  to  be  Inconsequential  since  the 
aircraft  used  in  the  study  were  not  powered  limited  In  any  of  the  technique*  analyzed. 

The  determination  of  characteristics  (2)  and  (3)  above*  in  most  cases,  is  purely  analytical. 
In  some  cases,  however,  the  analyse*  did  not  lend  themselves  to  clean  mathematical 
frictions,  and,  therefore,  load*  and  clear  ground  area  characteristics  were  estimated  using 
the  best  available  data. 
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The  determination  of  the  first  characteristic,  system  complexity,  was  more  difficult 
since  it  involves  judgment  rather  than  numbers.  In  order  to  assess  the  complexity  of 
each  retrieval  system,  a  complexity  rating  system  was  devised.  The  rating  system  takes 
into  account  not  only  component  complexity,  but  also  difficulties  associated  with  the 
operation  of  each  component. 

Factors  considered  in  component  complexity  include: 

(1)  The  actual  physical  complexity  of  the  mechanical  and  strucrural  sub-sysrems 
associated  with  a  component 

(2)  The  operational  difficulties  which  are  encountered  by  the  air  crew  in  utilize  g 
each  component.  Items  in  this  category  include  difficulties  associated  with 
winch  operation,  handling  of  the  tow  line(s),  jnd  deployment  of  the  kits  to  be 
used  by  ground  crew  and  flight  path  control  of  the  aircraft 

(3)  The  operational  difficulties  which  are  encountered  by  the  ground  crew  in 
utilizing  each  component.  Items  in  this  category  include  the  assembly  and 
erection  of  the  components  and  the  attachment  of  components  to  the  payload 

The  list  of  components  used  in  the  various  retrieval  systems  along  with  their  "complexity 
rating"  and  a  brief  discussion  of  the  rating  is  presented  in  Table  XXX.  The  problems 
associated  with  the  hook-up  mechan!;ms  exist  for  all  techniques.  These  problems  were 
considered  comparable  and  therefore  Inconsequential  in  a  comparative  rating  system  such 
as  used  here.  For  these  reasons,  hook-up  gear  is  not  assigned  a  rating. 

The  complexity  rating  of  each  concept  or  total  system  is  determined  by  simply  adding  the 
ratings  of  all  the  components  used  in  a  given  system. 

In  order  to  arrive  at  a  total  relating  merit  rating  for  each  of  the  concepts  considered  it 
was  necessary  to  assign  numerical  ratings  to  the  second  and  third  characteristics  of  primary 
technical  interest:  (2)  clear  ground  area  required  around  the  payload,  and  (3)  aircraft 
accelerations  and  loads. 

A  series  of  judgments  were  necessary  in  order  to  do  this.  First,  the  relative  importance  of 
the  three  characteristics  was  considered.  It  was  judged  that  component  complexity  should 
carry  the  most  weight  In  the  total  relative  merit  rating.  Since  the  computed  complexity 
ratings  range  from  3  to  12,  a  starting  point  was  provided.  It  was  judged  then  that  th« 
characteristic  of  secondary  importance  is  clear  ground  area.  A  concept  which  requires 
less  than  50  feet  of  clear  ground  area  Is  certainly  much  more  attractive  than  one  which  re¬ 
quires  1500  feet  of  clear  area.  A  concept  that  requires  J500  feet  or  more  of  flat  area  is 
hardly  worthy  of  cor.»lderatl«  .i  since  advanced  C-J30  models  will  operate  in  and  out  of 
flat  clear  arec»  of  appioxlmctely  1 500  feet.  Using  this  logic,  a  set  of  numerical  ratings 
for  clear  area  required  was  established: 

Maximum  Distance 


from  Payload  (Ft)  Rating 

0-50  i 

50  -  500  5 

500  -  1500  8 

Over  1500  10 


The  minimum  rating  of  I  above  compares  to  the  minimum  complexity  rating  of  3  and  this 
maximum  rating  of  10  abov»»  compares  to  the  maximum  complexity  rating  of  12. 
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Discussion 


Rating 

0) 


Component 

Small 

Balloon 


Large 

Balloon 


Rockets 


Lifting 

Device 


Winch 


Stanchions 


Parachute 


Flight 

Control 


Long  Line 


Balloon  used  to  lift  a  target  line  to  altitude  sufficient  for 
high  level  aircraft  approach.  Involves  delivery  kit  in¬ 
cluding  balloon,  lines,  harnesses,  and  helium  bottles. 

Balloon  used  to  lift  either  the  entire  retrieval  payload  or  (5) 

a  very  heavy  system  above  the  payload.  Involves  essen¬ 
tially  the  s^me  items  as  the  light  balloon  but  is  much 
larger.  Assembly  and  erection  problems  for  ground  crews 
are  serious  especially  under  wind  conditions.  Consider¬ 
able  time  consumed  for  retrieval. 

Solid  rocket  package  used  either  to  loft  a  target  line  or  (4) 

loft  the  entire  payload  to  altitude.  Delivery  kit  must 
include  rock  motors,  structural  harness  or  tower  for  mount¬ 
ing  motors  to  payload,  parachute,  lines,  and  aiming  device 
or  aid.  Ground  crew  problems  considerable  in  erecting 
and  operating  this  unit  properly.  Considerable  time  con¬ 
sumed  for  retrieval . 

An  aerodynamic  lifting  device  used  to  lift  either  the  (3, 

target  line  or  the  entire  payload.  The  basic  rating  of  3  4, 

is  assigned  to  gliders  and  parawings,  while  the  rating  5) 

for  a  powered  lifting  rotor  is  4.  Due  to  its  complexity, 
the  magnus  rotor  is  assigned  a  rating  of  5. 

Cable  winch-brake  system  located  in  the  aircraft  cargo  (2), 

compartment.  The  design  and  operation  of  this  component  (3) 

Is  essentially  the  same  for  all  retrieval  concepts  with  the 
exception  of  the  low  approach  winch-brake.  In  this  con¬ 
cept,  the  low  approach  winch  brake  is  given  a  (3)  rating  due 
to  increased  complexity. 

Telescoping  or  tape-roll  type  rods  used  to  hold  a  target  (1) 

line  some  50  feet  above  the  ground.  Thf-e  must  be  deliv¬ 
ered  in  kit  form  and  assembled  and  erected  by  ground  crew. 

Used  either  to:  (I)  allow  a  slow  descent  of  the  target  line  (1) 
or  payload,  or  (2)  os  a  safety  device  for  the  balloon  pay  - 
load  ascension  concept. 

A  remote  flight  control  system  used  in  conjunction  with  a  (2) 

lifting  device  as  described  above.  The  rating  given  applies 
also  If  an  air  crew  is  required  instead  of  a  control  system. 

All  concepts  use  target  and  tow  lines;  however,  the  use  of  (4) 
a  very  Iona  line  creates  particular  oroblems.  These  Include 

all  the  problems  discussed  previously  *n  the  circling  line 

' 


TABLE  XXX  (Continued) 


Discussion  Rating 

concepts,  plus  the  extended  time  required  to  deploy  and 
reel  in  the  long  line,  as  well  as  the  larger  wincn  required 
to  store  and  handle  the  line.  For  these  reasons  the  long 
line  is  given  a  complexity  rating  of  4. 

Two  The  necessity  of  using  an  additional  aircraft  complicates  (3) 

Aircraft  the  system. 


Component 


Another  judgment  was  required  to  assign  appropriate  rating  to  the  remaining  characteristic: 
the  accelerations  and  loads  experienced  by  the  aircraft. 

in  all  systems  considered,  it  is  felt  that  the  aircraft  can  be  modified  to  accommodate  the 
loads  anticipated.  Certainly,  if  this  is  not  true  of  a  particular  concept,  then  the  concept 
is  not  worthy  of  discussion.  With  this  in  mind,  the  only  reason  for  making  the  loads 
characteristic  one  of  primary  technical  interest  is  the  degree  of  aircraft  modification  re¬ 
quired.  In  some  of  the  concepts  considered,  as  much  as  i0  g  may  be  experienced  by  the 
winch  and  aircraft  over  a  very  short  span  of  time,  in  such  a  case  the  winch  must  be  se¬ 
curely  attached  to  the  aircraft  structure  to  properly  dissipate  the  high  loads.  Where  ex¬ 
tensive  modification  to  the  aircraft  is  required,  the  performance  of  its  normal  mission  may 
be  impaired. 

A  set  of  numerical  ratings  were  assigned  to  this  characteristic: 

Impact  g  Loading 

on  Aircraft  Rating 

AO  i 

V  “  o  I 

3-6  2 

6-10  3 

Over  10  Excessive 

Figure  86  presents  a  bar  graph  depicting  the  relative  merit  of  the  retrieval  concepts  con¬ 
sidered  in  this  study.  On  the  chart,  the  amount  of  clear  ground  area  required  is  repre¬ 
sented  by  the  clear  portion  of  the  bar.  System  complexity  with  respeo*  to  both  hardware 
and  operational  difficulty  is  represented  by  the  shaded  portion  of  the  bar.  The  reaction 
loads  experienced  by  the  aircraft  are  represented  by  the  black  portion  of  the  bar.  The 
lengths  of  each  portion  of  the  bar  and  the  total  bar  length  is  scaled  from  left  to  right  based 
on  the  merit  ratings  given  in  Table  XXIX. 

The  best  system  is  listed  at  the  top,  with  the  others  listed  in  order  of  decreasing  suitability. 
A  near  perfect  system  would  have  a  rating  of  3,  one  point  each  for  complexity,  ;lear  area, 
and  loads. 
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^  ^is  study  confirms  the  obvious  fact  that  a  near  perfect  system  far  aerial  retriev- 
?LX  T,W  m“'  a,,roeHve  ^  is  "»  Line  System.  »h"h  op^om  ot 


Slr'kT™  "1  m  °raer  !°  6rteCt  a  s,JC,cessfu1l  engagement.  ,  ne  a.rcratt  win 

££  OJJera,?d  «"  a  fairly  precise  manner  to  keep  the  accelerations  am!  loads  at  a 

£o£m.  ensineerin8  *««  >-■ "^">d  <0  develop 

KK^mtn'rfelSiT’  '"rf°™ance  a"d  °l»ra,l«“l  ehorocteristlc.  of  the  Hal- 
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Aerial  Retrieval  Concept* 


PERFORMANCE  OF  SELECTED  SYSTEM 


On  the  basis  of  studies  conducted  to  determine  the  feasibility  of  a  general  range  of  re¬ 
trieval  system  concepts,  as  reported  in  the  previous  section,  it  was  determined  that  the 
most  promising  systems  were  those  which  are  based  on  a  cargo  connected  line  suspension 
technique.  In  particular,  it  was  determined  that  the  simplest  method,  and  also  the  met¬ 
hod  which  resulted  in  the  least  system  weight,  was  one  which  makes  use  of  a  helium  filled 
balloon  to  support  the  cargo  retrieval  line.  This  concept  is  referred  to  as  the  Balloon  Line 
Retrieval  System.  As  discussed  under  the  heading  "Selection  of  Systems"  in  the  preceding 
section,  the  Balloon  Line  Retrieval  System  is  considered  to  be  the  only  promising  technique 
suitable  for  application  to  the  retrieval  of  the  moderately  heavy  payloads  of  interest  in  this 
study. 

The  purpose  of  this  section  is  to  report  the  results  of  an  investigation  undertaken  to  estab¬ 
lish  the  performance  of  this  cargo  retrieval  technique.  The  following  text  will  present  a 
general  description  of  the  system,  a  discussion  of  the  system  design  point  selection  with 
respect  to  aircraft  and  system  limitations,  system  design  data,  and  scope  and  results  of  the 
performance  evaluation. 


System  Description 


The  Balloon  Line  Aerial  Retrieval  System  is  shown  in  Figure  87.  A  description  of  the  ma¬ 
jor  components  and  subsystems  and  overall  system  operation  is  presented  in  the  following 
text. 

Major  Subsystem  and  Component  Description 

The  following  list  of  components  associated  with  the  balloon  line  retrieval  technique  are 
functionally  described  in  this  section.  Quantitative  data  on  size  and  weight  are  given 
in  a  later  section  entitled  "System  Design  Data".  The  numbering  system  associated  with 
the  components  list  below  may  be  used  with  Figure  87  and  Figure  88  as  an  aid  in  identifica¬ 
tion. 

! .  Boom,  hock  support 

2.  Hook  and  automatic  latch  assembly 

3.  Gable,  winch 

4.  Winch 

5.  Aircraft  mounted  pulleys  and  pulley  brackets 

6.  Aircraft  mounted  JATO  thrust  augmentation  units* 

7.  Balloon,  helium 

8.  Nylon  line,  cargo  retrieval 

9.  Cargo  package 

10.  Paper  honeycomb 

1 1 .  Recovery  parachute 

12.  Loact/Line  Disconnect  Assembly 

13.  Radio  frequency  transmitter,  aircraft  mounted 

14.  Radio  frequency  receiver,  cargo  mounted 
13.  Power  pock  and  switch  elrcult 

16.  Pendant  loop  cable 

17.  Pendant  loop  support  pole  (foamed  plastic  Filled  aluminum  tube) 


*  For  6000  through  10,000  pound  payloads  only,  as  required. 
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Tarpef  Balloon 


The  aircraft  mounted  Hook  support  boon)  shown  in  Figure  88,  should  be  of  sufficient  length 
to  assure  that  the  taiioon  is  oufsic'e  the  aircraft  flow  field  until  after  hook  engagement. 

It  should  also  be  mounted  jn  an  overhead  track  to  provide  capability  for  rapid  boom  ex¬ 
tension  and  retraction.  the  hook  assembly,  which  engages  anti  retains  the  pendant  cable, 
must  be  designed  to  release  f  ©m  the  boom  end  withdraw  cable  from  the  winch  drum  only 
after  the  pendant  loop  is  see  >t  ly  held  by  rhe  hook  fetch.  The  hook  latch  should  thus  be 
designed  to  dose  by  action  if  the  pendant  cable  on  a  tripper  located  in  the  hook  a  pox. 
Latch  motion  sboula  also  function  to  release  the  hook  f'r>m  its  iratoming  lugs  on  the  sup¬ 
port  boom.  The  winch  is  considered  to  be  of  the  constant  brake-force  type,  designed  to 
apply  a  braking  action  after  a  set  number  of  drum  revolutions.  The  JATO  thrust  unit® 
are  required  only  for  the  heavier  payloads,  and  are  primarily  far  the  purpose  of  assuring 
that  the  aircraft  can  maintain  a  steady  climb  rate  for  a  short  period  ef  time  following  hook 
engagement  with  the  cargo  pendant  loop. 

The  balloon  is  configured  to  provide  aerodynamic  as  well  as  aerostatic  lift.  Its  approxi¬ 
mate  shape  is  the  i  of  a  prolate  spheriod,  inflated  vertical  end  vee-raH  stabilizers  serve 
to  orient  the  balloon  with  the  wind,  act  as  damping  surfaces  to  pitch  and  yaw  motions, 
and  minimize  the  inclination  angle  of  the  balloon  during  wind  conditions.  The  pendant 
loop  support  pole  is  of  thinwailed  aluminum  tube,  filled  with  a  foamed  plastic  material 
to  increase  rigidity.  If  supports  the  pendant  loop,  which  should  bo  a  steel  cable  con¬ 
structed  to  have  energy  absorbing  characteristics.  The  ability  of  this  cable  to  absorb 
energy  serves  la  reduce  cable  rebound  as  contact  is  made  with  the  hook  support  pole. 
Nylon  was  chosen  for  the  ccrgo  lift  line,  both  for  its  unusually  high  strength  to  weight 
ratio  and  its  energy  storing  characteristics.  This  nylon  line  is  connected  to  the  cable 
loop  by  a  suitable  fitting  on  the  underside  of  the  helium  balloon. 

A  recovery  parachute  Is  attached  to  the  cargo  package  and  connected  to  the  cargo  lift 
line  by  a  parachute  deployment  line.  The  lift  line.  In  turn,  is  fastened  to  cargo  suspen¬ 
sion  tines  by  an  electrically  actuated  mechanical  disconnect.  This  disconnect  is  sole¬ 
noid  operated  and  receives  power  from  a  battery  pack  which  accompanies  the  cargo  to 
be  retrieved.  The  power  pack  also  operates  a  radio  frequency  receiver,  the  output  of 
which  is  connected  across  an  electro-magnet.  When  the  proper  radio  signal  is  received 
from  the  towing  aircraft,  the  magnet  is  activated  to  close  a  switch  and  complete  the  cir¬ 
cuit  between  the  load  disconnect  solenoid  and  the  power  pack.  In  this  manner,  the  re¬ 
trieved  cargo  can  be  released  at  any  desired  new  location,  using  the  recovery  parachute 
and  paper  honeycomb  to  obtain  moderate  doaceif  rates  and  impact  loads. 

Description  of  System  Operation 

A  retrievel/redeployment  package,  which  includes  the  balloon,  recovery  parachute,  lift 
line  and  cable  loop,  and  load  disconnect  circuitry,  I*  ah  dropped  at  the  cargo  retrieval 
site.  Preliminary  operations  required  to  prepare  tho  cargo  for  retrieval  and  redeploy¬ 
ment  ,  including  placement  of  paper  honeycomb  and  securing  rlggirg  and  load  attach¬ 
ment  lines,  should  already  be  accomplished  when  the  retrieval  package  I*  received.  The 
lift  line  I#  attached  to  the  cargo,  pawer  pock  strapped  in  place  and  activated,  pendant 
loop  support  pole  assembled,  and  both  target  balloon  and  main,  balloon  Inflated.  The 
balloon  is  then  released  and  allowed  to  ascend,  extending  the  cargo  lift  line  to  its  lull 
length. 
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A  targcif  balloon  attached  to  th«  ness  of  the  main  balloon  offers  a  target  for  the  retrieval 
aircraft  to  property  position  the  engagement  hook  with  the  lift  line  pendant  taop.  The 
nose  of  the  aircraft  strikes  the  target  balloon,  the  aircraft  passes  over  the  main  balloon, 
and  the  retrieval  hook  passes  within  (fie  pendant  loop  above  the  main  balloon.  The  loop 
then  moves  downward  along  the  hook  support  boom,  striking  the  retrieval  hook.  A» 
line  moves  into  the  apex  of  the  hook,  it  actuates  a  tripper  to  trip  the  coble  locking  latch 
and  to  release  the  hook  from  the  boom.  The  nylon  line  begins  to  stretch  as  line  tension 
increases,  until  line  tension  exceeds  the  cargo  weight.  At  this  point  the  cargo  begins  to 
accelerate,  and  continues  to  accelerate  m  line  tension  builds  up  to  a  pre-set  winch  brake 
force.  This  brake  force  essentially  sets  the  value  of  the  maximum  cargo  acceleration, 
sine®  cable  reek-out  occurs  as  the  line  tension  exceeds  the  restraining  force  on  the  winch. 
When  the  cargo  is  moving  at  aircraft  flight  speed,  the  loadmaster  can  operate  the  winch 
to  bring  the  cargo  into  the  vicinity  of  the  aircraft  and  just  outside  the  aircraft  wake,, 

Only  cursory  examination  was  given  to  boarding  the  retrieved  cargo,  since  this  requires 
a  detailed  knowledge  of  the  cargo  configuration  as  well  as  the  aircraft  flow  field.  How¬ 
ever,  based  on  past  Lockheed  studies  of  personnel  retrieval  at  the  oft  end  of  the  aircraft, 
it  appmm  that  an  "A"  frame  rig  is  required  to  position  and  stabilise  the  load  as  it  comes 
over  the  ramp  lip.  Any  attempt  to  move  cargo  over  the  ramp  without  such  a  rig  would 
almost  certainly  cause  damage  to  the  cargo  being  retrieved,  and  possible  damage  to  the 
aircraft  as  woll.  An  a? Tentative  to  the  "A11  frame  is  an  overhead  supported  cantilevered 
rig  which  moves  out  over  the  load  and  lifts  it  vertically  above  the  ramp  lip  and  then 
longitudinally  into  the  aircraft.  In  either  case,  once  boarded,  the  ioad  must  be  re-rigged 
on  an  aerial  delivery  platform  with  an  extraction  parachute  prior  to  redeployment  at  a 
new  site.  As  stated  in  Reference  1,  the  retrieved  load  must  be  redeployed  at  a  new  site 
by  means  of  aerial  delivery.  For  this  reason,  and  due  to  the  ex  tons!  vs  aircraft  modifica¬ 
tion  required  to  board  heavy  loads,  release  of  a  towed  load  and  descent  by  recovery  para¬ 
chute  was  considered  to  ba  more  practical  than  boarding  the  load  for  subsequent  extrac¬ 
tion  and  descent  by  recovery  parachute. 

Design  Point  Selection 


Determination  of  the  system  design  point  is  based  upon  consideration  of  both  aircraft  and 
cargo  l!  mi  ter  ions.  Aircraft  limitations  are  concur, ied  primarily  with  the  capability  of 
the  aircraft  to  accept  pitching  moments  during  acceleration  of  the  cargo  to  aircraft  flight 
speed  and  the  capability  of  the  aircraft  to  compensate  pitching  moments  and  drag  loads 
during  th*  steady  state  tow  condition.  Only  two  system  limitations  need  be  considered 
In  system  design.  These  are  the  acceleration  loads  which  the  payload  can  withstand  and 
the  trajectory  which  (he  pay  ioad  must  follow  In  order  to  avoid  ground  obstructions.  How¬ 
ever,  sine®  the  payload  trajectory  shape  is  determined  to  o  major  extent  by  the  line 
force*  during  cargo  acceleration,  the  governing  consideration  in  system  design  point  se¬ 
lection  was  or,'i  of  determining  the  minimum  line  forces  which  would  produce  an  acceptable 
cargo  traj ac\uiy»  This  approach  Is  realistic,  particularly  in  view  of  the  wide  range  of  pay- 
load  types  which  may  be  of  interest  for  ground-to-air  ietrieval,  and  the  possible  variation 
cf  their  acceptable  acceleration  load  limits.  The  following  text  discusses  the  overall  sys¬ 
tem  design  point  selection  wilh  respect  ro  aircraft  and  system  limitations. 

Aircraft  Limitations 

In  order  to  establish  the  relative  capability  of  the  C- 1 30,  C-141A,  and  C-5A  aircraft-  for 
a  fly-by  ground-to-air  retrieval  of  cargo  brads  weighing  from  3000  to  10,000  pounds,  a 
parametric  investigation  of  aircraft  loads  was  undertaken.  At  the  time  this  study  was 
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undertaken,  no  retrieval  technique  had  boon  elected.  Therefore,  In  order  to  evaluate 
relative  aircraft  capability,  the  minimum  impulse  required  to  accelerate  a  load  from 
standstill  to  150  lcnot3  at  500  feet  altitude  was  determined.  This  minimum  impulse,  which 
is  10.3  pound-seconds  per  pound  of  cargo  weight,  was  applied  to  the  aircraft  at  the  least 
favorable  condition  with  respect  to  gust  encounter,  It  has  been  shown  that  this  condition 
occur  at  the  point  whore  the  aircraft  is  one  quarter  wave  length  into  a  (1-cos)  gust.  The 
parameters  varied  were  pay  load  weight  and  gust  amplitude.  Results  are  shown  in  Figure 
89,  Although  both  the  C-141A  and  C-5A  appear  to  have  satisfactory  load  histories 
throughout  the  range  of  gust  conditions,  the  C-130  load  limit  was  exceeded  for  all  gust 
velocities  during  retrieval  of  a  10,000  pound  loud,  These  high  load  factors  encountered 
by  the  0-130  aircraft  were  not  unexpected  since  the  analog  program  used  to  compute 
these  values  assumed  no  elevator  deflection  to  counteract  aircraft  pitch  motion,  Since 
the  C-130  war,  shown  to  be  the  critical  aircraft  with  respect  to  pitch  response  during  cc.- 
go  removal,  subsequent  investigations  with  respect  to  aircraft  stability  and  loads  were 
centered  around  this  aircraft. 

Upon  selection  of  the  balloon  line  retrieval  technique  as  the  most  promising  for  the  cargo 
weights  considered  in  this  study,  it  was  possible  to  evaluate,  as  a  function  of  time,  the 
line  loads  and  load  application  angles  during  the  cargo  retrieval  phase.  For  reasons 
which  are  urider'Bystem Limitations," immediately  following  this  section,  an  aircraft  maxi¬ 
mum  flight  speed  of  150  knots,  an  aircraft  flight  altitude  of  500  feet,  and  a  brake  setting 
of  4. .5  times  the  cargo  weight  wore  chosen  as  design  point  conditions.  The  time  varia¬ 
tion  of  lino  loads  and  line  angles  at  the  aircraft  were  then  determined  for  tha  maximum 
payload  weight  of  10,000  pounds.  The  results  are  shown  in  Figure  90.  As  can  be  seen, 
the  maximum  line  tension  exceeds  th»  45,  GUO  pound  brake  force  by  approximately 
15,000  pounds.  Those  are  relatively  short  duration  loads  on  the  aircraft,  but  are  of 
high  intensity  and  will  cause  an  aircraft  pitch-up  motion  unless  compensated  by  a  posi¬ 
tive  (downward)  deflection  of  the  elevator.  An  investigation  was  made  to  detomtine  the 
required  elevator  deflection  to  compensate  the  pitching  moments  imposed  by  retrieval  of 
this  10,000  pound  load.  The  method  used  Is  presented  in  Appendix  A  and  the  results 
shown  in  Figure  91.  Data  are  shown  for  zero  flaps  and  a  resultant  elevator  trim  position 
of  0,75  degrees.  With  the  aircraft  in  this  configuration,  the  maximum  incremental  ele¬ 
vator  deflection  available  is  14.25  degrees.  This  is  sufficient  to  counteract  all  aircraft 
pitch  motion  except  the  small  pitch  impulse  represented  by  the  cross-hatched  area,  in¬ 
cremental  aircraft  pitch  angle  due  to  this  uncompensated  pitching  moment  was  computed 
to  be  0,43  degrees,  equivalent  to  an  incremental  aircraft  load  factor  of  0.07.  Figure 
92  shows  this  load  factor  added  to  the  load  factor  induced  by  wind  gust.  From  this  it 
con  be  seen  that,  with  respect  to  stability  and  ioads,  the  C-130  aircraft  can  retrieve 
loads  up  to  10,000  pounds  using  a  500  foot  elcva'ed  halioon  station  and  a  150  knot  fly¬ 
by-technique.  However,  elevator  defection  at  the  time  of  hook  engagement  Is  required. 
Aircraft  pitching  moment  is  not  significantly  affected  by  balloon  station  height,  but  pri  ¬ 
marily  by  aircraft  speed  and  poyload  weight  retrieved.  The  above  discussion  relates, 
therefore,  to  all  balloon  station  altitudes  of  interest,  i.e.,  between  100  and  1000  feet, 
corresponding  to  constant  equivalent  airspeeds. 

As  shown  by  Figure  143  of  Appendix  A,  at  an  aircraft  speed  of  150  knots  and  a  gross 
weight  of  1 10.000  pounds,  available  excess  thrust  horsepower  Is  approximately  9300. 

This  is  equivalent  to  approximately  20,000  pounds  of  excess  thrust,  or  200,000  pound- 
seconds  of  impulse  during  »he  cargo  acceleration  phase.  The  retarding  impulse  on  the 
aircraft,  due  to  the  horizontal  component  of  line  force,  must  be  loss  trvan  tho  total  Im¬ 
pulse  on  the  aircraft,  shown  by  the  area  under  the  line  tension  curve  of  Figure  9U. 

Since  the  area  under  this  curve  represent  o  total  Impulse  of  approximately  192,000 
pound-seconds,  it  is  concluded  that  loss  of  aircraft  speed  during  cargo  acceleration 
can  be  prevented  by  the  application  of  available  excess  thrust  at  tho  time  of  hook  -en¬ 
gagement. 
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Figure  92  -  C-130E  Load  Factor  versus  Gust  Velocity 
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During  equilibrium  tow  of  the  payload  it  is  necessary  that  sufficient  thrust  is  available 
to  overcome  aircraft,  cable,  and  payload  drag,  and  that  adequate  elevator  control  is 
available  to  compensate  pitching  moments.  An  existing  Lockheed  digital  computer  pro¬ 
gram  was  used  to  compute  the  shape  and  tension  in  a  tow  line  for  a  range  of  aircraft 
cpeedsand  payload  weights.  These  data,  shown  in  Figures  135  through  142  of  Appen¬ 
dix  A,  were  used  to  compute  pitching  moments  and  drag  loads  on  the  aircraft  during  the 
steady-state  tow  condition,  the  most  critical  case,  that  of  an  aircraft  towing  a  10,000 
pound  payload,  is  presented  in  Figures  93  and  94.  Required  elevator  deflections,  with 
the  load  separated  from  the  aircraft  by  distances  varying  from  200  feet  ta  1000  feet,  vary 
from  a  maximum  of  3.6  degrees  to  2.6  degrees  down  elevator  tor  the  range  of  flight  speeds 
shown.  Minimum  elevator  deflections  are  required  at  the  longer  line  lengths.  The  pro¬ 
cedure  used  to  calculate  these  required  elevator  deflections  i?  given  in  Appendix  A. 
Available  and  required  thrust,  considering  payload,  aircraft  and  ;ine  drag  is  shown  in 
Figure  94.  Cable  drag  is  shown  to  have  a  significant  effect  at  the  longer  line  'engths. 

At  the  upper  range  of  flight  speeds  investigated,  the  available  excess  thrust  becomes 
marginal.  However,  at  150  knots  flight  speed  adequate  thrust  is  available  with  power 
settings  less  than  norma!  p^wer. 

System  Limitations 

Fly-by  cargo  retrieval  techniques,  for  the  130  to  200-knot  speed  range  considered  by 
this  study,  require  that  acceleration  levels  which  the  cargo  experiences  bo  limited  to 
acceptable  values  through  incorporation  of  a  shock  absorbing  system  in  the  _ vrgo/air- 
craft  linkage.  Woven  nylon  line  is  characterized  by  o  number  of  highly  desirable 
characteristics  which  make  it  an  ideai  material  for  use  in  this  regard.  Primary  among 
these  are  its  extremely  high  strength  to  density  ratio,  its  relatively  linear,  stress/strain 
characteristic*,  ind  relatively  high  elongation  to  ultimate  strength.  These  combine  to 
produce  a  light  veight  system  which  applies  energy  to  the  cargo  at  an  initially  low  on¬ 
set  rate  so  that  the  cargo  is  gradually  accelerated  to  aircraft  speed.  The  magnitude  of 
this  acceleration,  for  a  given  cargo  weight  and  aircraft  speed,  is  governed  by  the  length 
of  nylon  line  connecting  the  aircraft  and  cargo.  Since  the  length  of  this  line  directly 
affects  the  size  of  the  balloon  required  to  support  it,  if  becomes  advantageous  to  keep 
this  line  length  as  short  as  possible. 

For  this  reason,  a  supplementary  method  for  absorbing  shock  during  cargo  acceleration 
is  employed.  This  method  consists  of  a  winch,  winch  drum  and  brake,  and  a  length  of 
flexible,  non-rotating  steel  cable.  The  brake  acts  to  limit  maximum  line  tension  by 
allowing  cable  to  pay  out  as  line  tension  exceeds  the  brake  force.  The  effect  of  cable 
reel-out,  however,  is  to  cause  a  dip  in  the  cargo  trajectory  after  it  has  reached  its  maxi¬ 
mum  altitude.  A  primary  constraint  on  the  system  design  point  selection  is  the  minimum 
height  above  the  ground  which  the  cargo  experiences  before  achieving  a  steady  state  tow 
condition. 

As  discussed  in  the  previous  section,  the  system  design  point  must  be  selected  based  on 
considerations  of  aircraft  engagement  speed,  aircraft  engagement  altitude,  and  winch 
brake  force  setting.  The  primary  constraint  mentioned  in  tht1  previous  paragraph,  that 
of  trajectory  height  above  the  ground  at  the  cargo  dip>  point,  is  a  function  of  these 
three  considerations.  Figures  95,  96  and  97  present  the  results  of  a  parametric  study 
undertaken  to  ai  >w  selection  of  the  system  design  point.  Design  point  data  were  eval¬ 
uated  for  paylov  weights  of  3000,  6500,  and  10, 000  pounds.  The  minimum  height  of 
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payload  trajectory  is  shown  as  a  function  of  the  peak  tow  line  tensions  experienced.  The 
‘'minimum  height  of  the  payload  trajectory"  refers  tc  the  lowest  return  of  the  payload  to 
the  ground  after  initial  engagement.  The  "peak  tow  line  tension"  refers  to  the  highest 
tow  line  force  experienced  during  the  course  of  each  retrieve),  from  initial  engagement 
to  achievement  of  steady  state  tow  conditions. 

Examination  of  the  data  presented  in  Figures  95,  96,  and  97  leac*  to  the  following  discus¬ 
sion  and  selection  of  a  system  design  point. 

At  first  assessment,  the  most  attractive  retrieval  speed  appears  to  be  130  knots,  since  the 
minimum  payload  trajectory  points  are  higher  and  line  tensions  are  lower  than  the  other 
two  speeds  considered.  However,  an  aircraft  engagement  speed  of  130  knots  is  slightly 
above  stall  speed  In  the  case  of  the  C-13G  and  even  closer  to  the  stall  speed  of  larger 
aircraft.  Since  the  peak  line  tensions  are  fairly  high  in  some  of  the  cases  examined,  a 
speed  of  130  knots  does  not  seem  advisable  from  a  flight  safety  stand  point.  Figure  91 
depicts  the  elevator  deflection  requirements  for  a  retrieval  (case,  with  an  engagement 
speed  of  150  knots.  Note  that  for  this  case  more  elevator  is  required  to  produce  equili¬ 
brium  than  is  available.  The  elevator  capability  however  is  exceeded  for  only  a  short 
span  of  time  leading  to  a  small  upset  in  aircraft  attitude  which  can  be  quickly  overcome 
as  elevator  deflection  requirements  decrease.  At  slower  speeds,  the  elevator  is  less  effec¬ 
tive,  thus  leading  to  a  greater  disturbance  of  aircraft  attitude  which  is  certainly  unde- 
si 'ible.  For  those  reasons,  the  engagement  speed  o'  130  knots  can  be  considered  less 
desirable  than  higher  speeds. 

The  information  on  Figures  95,  96,  and  97  depict  two  important  trends  when  comparing 
a  150  knot  engagement  speed  with  a  170  kner  speed.  At  170  knots  the  peak  line  ten¬ 
sions  are  higher  for  most  cases  and  the  trajectory  minimum  heights  are  lower.  In  some 
cases  for  200  feet  engagement  altitudes  at  170  knots,  retrievals  are  unsuccessful  since 
the  payload  returns  to  strike  the  ground.  Also  for  a  specific  brake  setting  at  a  given  al¬ 
titude,  line  tensions  are  higher  when  using  a  170  knot  engagement  speed  than  when 
150  knots  is  used. 

Thus  it  appears  that  the  better  engagement  speed  of  the  three  considered  is  150  knots. 

Continuing  the  rational,  the  engagement  altitude  of  200  feet  appears  undesirable  since 
both  the  higher  line  tension  and  lowest  payload  trajectory  minimum  heights  are  ex¬ 
perienced  along  this  line. 

Also  a  brake  load  factor  of  6.0  compared  to  the  other  brake  load  factors  considered  ap¬ 
pears  to  offer  llttie  payload  aldtude  advantage  in  exchange  for  a  severe  penalty  in 
peak  line  tension. 

In  addition  to  those  factors  discussed  above,  one  other  item  is  of  Interest  when  consider¬ 
ing  the  spectrum  of  retrieval  conditions.  Each  payload  trajectory  considered  resulted 
In  the  minimum  height  occurring  at  a  different  distance  downrange  from  the  payload  ori¬ 
gin  point.  Figure  95  present*  In  dashed  lines  for  the  10,000  pound  payload  150  knot 
engagement  speed  cose,  the  Interrelation  of  the  downrange  location  of  the  minimum 
height  point  of  each  trajectory  with  the  other  parameters  involved. 

The  significant  point,  here,  I*  that  large  ground  clearance  areas  are  required  for  all  the 
cases  taken.  The  minimum  distance  from  origin  to  trajectory  low. point  on  the  curve  shown 
in  Figure  95  is  roughly  2000  feet. 
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Since  such  a  large  ground  clearance  area  is  requrnd  then  the  important  consideration 
is  again  the  height  of  the  trajectory  at  its  low  (joint,  rather  than  the  distance  down- 
range. 

The  conclusion,  then,  is  that  the  optimum  retrieval  conditions,  of  those  considered,  are 
found  in  the  -shaded  areos  of  fhe  curves  presented  in  Figures  95,  96,  and  97, 

Retrieval  with  engagement  altitudes  of  500  to  700  Veet  and  brake  factors  of  3.0  to  4.5 
appear  to  offer  reasonable  valuer  .of  minimum  height  of  pa/load  trajectory  (175  to  630 
feet)  and  peak  line  tension  (12, OX  to  60,000  pounds)  at  an  aircraft  spaed 
of  lpO  knots,  over  the  range  of  payload  weights  from  3000  to  10,000  pounds. 

In  order  to  achieve  as  high  c  retrieval  trajectory  as  possible  and  in  order  to  minimize 
the  required  balloon  size,  the  shaded  area  can  fje  narrowed  to  one  select  point,  the 
lower  right  comer  defined  by  a  brake  factor  of  4.5  and  an  engagement  altitude  of 
500  feet. 

The  system  design  point  is  then  determined: 

o  Aircraft  Hook  engagement  speed  -  150  knots 
o  Brake  force  -  4.5  times  cargo  weight 
o  Balloon  station  height  -  500  feet. 


Additional  data  which  further  substantiates  the  design  point  selection  are  presented  in 
Figures  98  through  106.  Tow  line  length  refers  to  lime  length  between  cargo  and 
aircraft,,  prior  rael-ln,  it  includes  the  nylon  retrieval  line  plus  all  cable. 

Figures  98,  99  and  300  show  the  variation  of  tow  D  ie  length  with  increasing  aircraft 
speed  with  winch  brake  force  to  cargo  weight  ratio  as  a  parameter.  These  data  are  based 
on  a  bailoon  height  of  500  feet  and  payload  weights  of  10, 000,  6500,  and  3000  pounds. 
The  tow  line  length  is  observed  to  vary  directly  as  the  square  of  the  aircraft  speed  and 
inversely  as  he  square  of  the  brake  force  load  factor.  Therefore,  from  the  standpoint 
of  minimizing  line  reel-  out,  it  is  advantageous  to  use  high  brake  forces  and  low  aircraft 
retrieval  speeds. 


As  would  be  expected,  a  decrease  in  aircraft  altitude  at  hook-engagement  results  in 
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treival  speeds,  a  brake  force  of  45, 000  pounds,  and  payloads  of  10,000,  6500,  and 
3000  pounds.  However,  while  lower  altitudes  are  advantageous  with  respect  to  the 
amount  of  nylon  line  which  must  be  supported  by  the  balloon  station,  these  low  retrieval 
altitudes  result  In  the  requirement  for  additional  winch  cable  pay-out,  since  the  shorter 
nylon  line  has  less  capacity  for  elongation.  The  magnitude  of  this  effect  is  shown  in  Fig¬ 
ures  104,  105,  and  106,  with  aircraft  retrieval  speed  as  a  parameter.  Another  advan¬ 
tageous  aspect  of  higher  retrieval  altitudes  is  the  increased  probability  of  proper  aircraft 

E  Doting  techniques  immediately  following  hciok  engagement.  As  the  retrieved  cargo  Is 
eing  accelerated,  a  pitch-up  moment  is  applied  to  tno  aircraft.  This  must  be  counter¬ 
acted  by  forward  control  stick  motion  to  obtain  downward  elevator  deflection.  Pilot 
tendency  to  delay  application  of  down  elevator  until  actual  pitch  motion  has  begun  re¬ 
sults  in  higher  normal  load  factor*  on  the  aircraft  as  retrieval  altitude  Is  decreased. 
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Figure  105  -  Winch  Cable  Piayout  versus  Retr>*<ra'j  Altitude 


Brake  Setting  R  13,500  Lb* 
Payload  Weight  -  3000  Lbe 


I'fgure  106  -  Winch  Gable  Payout  venus  Retrieval  Altitude 


As  illustrated  in  Figures  98,  99,  and  100,  required  brake  retardation  force  shows  only  a 
moderate  increase  for  any  fixed  value  of  maximum  taw  lineiength  as  aircraft  speed  is  in¬ 
creased  from  130  knots  to  150  knots.  At  a  500  foot  balloon  station  height,  ‘his  repre¬ 
sents  an  incremental  climb  requirement  of  approximately  325  feet,  or  approximately  14 
seconds  of  climb  time  at  1500  fpm  climb  rate.  As  shown  in  Figures  >35  through  137,  Ap¬ 
pendix  A,  equilibrium  tow  rxjsitions  for  cargo  in  the  weight  range  from  3000  to  10,000 
pounds  is  on  the  order  of  23  to  55  degrees  below  the  horizontal  at  150  knots  flight  speed 
and  800  feet  tow  line  lengths.  The  cargo  reaches  this  equilibrium  position,  «,iih  very 
little  overswing,  approximately  20  seconds  after  hook  engagement.  The  flexibility  af¬ 
forded  in  aircraft  operational  procedures  when  performing  cargo  retrieval  at  a  balloon 
height  of  500  feet  and  a  hook  engagement  speed  of  150  knots  makes  this  combination 
highly  desirable  with  respect  to  system  design  point  selection.  Adequate  margin  above 
aircraft  stall  speed  is  available,  fine  tension  to  cargo  weight  ratios  are  moderate,  cyan 
ramp  door  capability  exists  with  the  0130,  0141,  and  OSA  aircraft,  end  sufficient 
altitude  is  available  to  permit  proper  pitot  technique  following  hook  engagement. 

Figure  107  presents  for  the  design  point,  the  possible  combination  of  brake  factors  and 
payload  weights  along  with  the  corresponding  minimum  height  point  of  the  payload  tra¬ 
jectory  and  the  maximum  length  of  tow  line  required.  Note  that  for  the  selected  4.5 
brake  factor,  the  hngth  of  tow  line  required  is  practically  constant  for  all  payload 
weights  while  the  minimum  height  point  increases  as  the  payload  weight  decreases. 

Selection  of  a  constant  brake  force  load  factor  was  made  in  the  interests  of  operational 
simplicity  as  well  as  to  provide  a  margin  of  safety  in  ground  clearance  distance  <n  the 
iower  range  of  payload  weights.  The  following  section  discusses  the  results  of  the  sys¬ 
tem  design  point  selection  in  regard  to  its  effect  on  balloon  and  lift  line  design  require¬ 
ments. 


Figure  iO/  -  Minimum  Fayload  Trajectory  Height  versus  Maximum  Tow  line  length 
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System  Design  Data 


Ground-to-air  retrieval  utilizing  an  elevated  balloon  station  imposes  stringent  require¬ 
ments  on  the  choice  of  materials  and  components  in  order  to  obtain  a  minimum  system 
weight.  Particularly  in  regard  to  the  balloon  supported  retrieval  line  and  the  brlloon 
material/  the  employment  of  materials  having  high  strength  to  density  characteristics  is 
mandatory  if  balloon  size  and  helium  requirements  are  to  be  kept  within  reason.  Recent 
developments  in  balloon  material  by  the  E.l.  DuPont  Company  have  been  incorporated 
in  the  Fulton  Aerial  Retrieval  System.  This  materia!  consists  of  mylar  sheet  covered  with 
a  light  weight  nylon  cloth,  it  results  in  a  strong  balloon  material  with  excellent  resist¬ 
ance  to  abrasion  under  field  conditions.  Weight  of  this  material  plus  bridle  and  attach¬ 
ments  is  approximately  0.035  pounds/feet^  based  on  balloon  surface  area.  Figure  108 
shows  balloon  envelope  weight  as  a  function  of  balloon  volume,  assuming  a  prolate 
spheroid  balloon  configuration  with  a  length  to  diameter  ratio  of  3.5.  Figure  109  shows 
the  theoretical  maximum  lift  of  helium  as  a  function  of  balloon  volume  together  with 
actual  net  lift  in  consideration  of  balloon  envelope  weight.  These  data  are  based  on  a 
90  degree  Fahrenheit  temperature  and  an  altitude  of  500  feet. 

The  nylon  lift  line  which  must  be  supported  by  the  balloon  should  have  a  high  strength 
to  density  ratio  in  order  to  minimize  line  weight  and  thus  minimize  balloon  size.  A 
nylon  woven  textile  webbing  material  is  chosen,  equivalent  to  MIL-W-4088B.  Figure 
110  presents  the  relationship  between  the  ultimate  line  strength  and  the  line  weight  per 
foot  of  length  when  using  this  material.  Using  a  figure  of  four  times  the  cargo  weight 
cs  the  design  strength  requirement  for  the  lift  line,  and  a  safety  factor  of  1 .5  on  the  de¬ 
sign  load,  ultimate  strength  requirements  wore  determined  as  a  function  of  payload  weight. 
These  results  were  used  with  Figures  109  and  1 10  to  determine  balloon  size  for  payload 
weights  from  3000  to  10,000  pounds.  Figure  1 1 1  shows  these  results.  Over  the  weight  g 
range  of  interest  in  this  study,  balloon  volume  requirements  vary  from  1300  to  3700  feet  . 
Corresponding  balloon  diameters  and  lengths  range  f-om  9  to  13  feet  and  31 .5  to  44.5 
feet  respectively.  Assuming  a  drag  coefficient  of  0.20  if  the  balloon  is  allowed  to 
weathercock  during  inflation,  and  O.UO  if  held  broadside  to  the  wind,  the  maximum 
drag  force  in  a  30  knot  wind  will  vary  from  40  to  J>J>0  pounds  for  the  10,000  pound  pay- 
load  boiloon. 

Table  XXXI  presents  a  compilation  of  balloon  and  retrieval  line  design  requirements  for 
1000  pound  Increments  of  cargo  weight  from  3000  to  10,000  pounds.  These  data  are 
based  on  the  previously  selected  500  foot  nylon  retrieval  line.  Balloon  volume  and 
sizes  given  include  a  20  percent  excess  Ilf*  force  over  stated  line  weights.  This  excess 
lift,  which  Is  in  conformance  with  current  design  practice  incorporated  in  the  Fulton 
Aerial  Retrieval  System,  provides  a  relatively  nlgn  degree  of  balioon  stability  in  wind 
end  gust  conditions  as  high  as  30  knots.  Balloon  angular  displacement  for  a  range  of 
wind  velocities  It  given  In  next  section.  Engagement  reliability  of  the  balloon  station, 
including  the  effects  of  30  knot  wind  gusts,  is  discussed  in  a  subsequent  section. 

Helium  *torage  bottle  requirements  were  based  on  the  previously  determined  quantities 
of  helium  gras  necessary  to  support  the  cargo  retrieval  line.  These  bottles  were  assumed 
to  hs  six  long,  glass  filament  wound,  with  a  length-to-dlameter  ratio  of  12.  Phy¬ 
sical  properties  of  the  helium  bottles  are  based  on  data  given  In  Reference  25.  Material 
density  it  0.07  pounds/cublc  Inches  and  has  a  working  stress  of  200,000  pel .  Storage 
bottle  wall  thickness  is  based  on  a  safety  factor  of  2.5.  The  bottle  volume  of  1 .145  cubic 
feet  provides  for  storage  of  350  cubic  feet  of  helium  at  4500  psl.  Table  XXXII  presents  a 
listing  of  the  gas  storage  botti*?  requirements  for  each  Incremental  cargo  weight.  The 
second  column  In  the  table  gives  tne  actual  quantity  of  helium  required  for  the  indicated 
cargo  weight.  The  number  of  bottles  shown  in  the  third  column  provides  a  minimum 
twenty  percent  additional  quantity  of  helium  to  provide  a  3  psl  pressure  differential  for 
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-  Pound* 


Balloon  Envelope  Weight 


Suspension  Balloon  Requirements 


Figure  1 1C  -  Nylon  Rope  Character! iHc* 


TABLE  XXXI 


foe  inflated  balloon.  The  last  column  presents  storage  volume  requirements  for  the  indi¬ 
cated  number  of  bottles,  assuming  a  package  size  of  10  x  10  x  72  inches. 

Table  XXXIII  shows  recovery  parachute  type,  weight  and  volume  requirements  to  provide 
aerial  delivery  redeployment  capability'  for  the  indicated  cargo  weight.  This  data  is 
based  upon  Information  provided  in  Reference  26. 

The  following  section  presents  the  balloon  line  system  performance  results  based  upon  de¬ 
sign  data  developed  in  this  and  the  previous  section. 

Results  of  Performance  Evaluation 


Aerodynamic  lift  and  drag  characteristics  of  the  recommened  balloon  station  design  are 
taken  from  Reference  27,  Rigging  angles  were  selected  ro  provide  a  relatively  constant 
lift  to  drag  ratio  for  wind  speeds  from  zero  to  30  knots.  Corresponding  angles  of  attack 
vary  from  6  to  20  degrees.  Figure  112  shows  the  angular  displacement  of  the  balloon  as 
a  function  of  wind  velocity.  Maximum  excursion  is  approximately  16  degrees  from  a 
vertical  at  the  ground  tether  point.  In  a  30  knot  wind  the  aerodynamic  lift  is  approxi¬ 
mately  50  percent  greater  than  the  aerostatic  lift.  Corresponding  drag  is  approximately 
144  pounds,  or  25  percent  of  the  tot'd  lift  in  a  30  knot  wind.  An  aerodynamicaliy  shaped 
helium  balloon  is  snown  to  have  adequate  position  stability  characteristics  with  respect 
to  employment  as  a  balldon  station  for  support  of  the  cargo  lift  line.  Stability  of  foe  con¬ 
figuration  in  gust  conditions  is  discussed  with  respect  to  hook  engagement  reliability  in 
foe  next  section. 

The  kinetics  of  foe  cargo  trajectory  were  investigated  by  writing  equations  of  motion  in 
consideration  of  line  forces  resulting  from  cargo  weight,  aerodynamic  drag,  and  relative 
motion  between  the  aircraft  and  foe  cargo.  Winch  drum  moment  of  inertia  was  described 
as  a  function  of  drum  weight  and  diameter  plus  the  cable  weight  remaining  on  foe  drum 
core.  The  balloon  station  was  assumed  to  be  directly  above  the  cargo  at  foe  moment  of 
aircraft  hook  contact.  Line  aerodynamic  and  inertial  forces  were  neglected.  Both 
assumptions  were  mode  in  order  to  simplify  the  problem  sufficiently  to  allow  computer 
simulation.  In  effect,  both  assumptions  lead  to  conservative  results  with  respect  to 
trajectory  characteristics;  i.e.,  actual  free  flight  demonstration  would  indicate  a  more 
vertical  lift-off  trajectory  and  less  dip  in  the  trajectory  following  initial  ascent.  These 
differences  are  due  to  aerodynamic  and  inertia  forces  on  foe  line  which  cause  the  cargo 
to  follow  the  initial  line  direction  more  closely  than  foe  computer  simulation  predicts. 

In  practice  St  is  desirable  to  approach  the  balloon  in  a  direction  opposite  ro  the  wind 
direction  to  take  advantage  of  this  iine/cargo  aerodynamic  interaction. 

Figure  113  presents  cargo  trajectory  characteristics  for  cargo  weights  of  3,000,  6,500 
and  10,000  pounds.  Aircraft  speed  is  150  knots  and  an  Initial  climb  rate  of  1,500  feet 
per  minute  on  military  power  is  assumed.  Figure  1 13  shows  that  cargo  minimum  ground 
clearance  decreases  v*lth  increasing  cargo  weight,  for  a  constant  initial  balloon  station 
height.  Maximum  line  tension  for  these  trajectories  is  approximately  four  times  the 
cargo  weight.  As  cargo  weight  increases,  aircraft  rate  of  climb  decrease*  due  to  the 
higher  forces  occurring  In  the  retrieval  line.  Figure  1 14  shows  the  effect  of  adding  eight 
JATO  units  to  foe  C-13Q  aircraft  for  retrieval  of  a  10,000  pound  cargo.  JATO  thrust 
augmentation  Is  a  nominal  8,000  pounds  for  15  seconds.  The  trajectory  with  JATO 
shows  an  improvement  in  trajectory  minimum  altitude  of  250  feet  over  the  non-JATO 
case,  in  al!  cases  foe  trajectories  shown  are  satisfactory  with  respect  to  initial  climb 
ernle  and  minimum  ground  clearance.  Initial  climb  angles  on  the  order  of  30  degrees 
Indicate  foe  requirement  for  o  retrieval  site  clear  area  approximately  300  feet  In  dlanteter 
to  provide  clearance  of  a  70  foot  obstacle.  A  typical  cargo  line  tension  and  velocity 


233 


TABLE  XXXill 

RECOVERY  PARACHUTE  CHARACTERISTICS 


E-%  £ 

o.o 

b-  > 


-oo«swoon 

r—  r—  CM  CO 


s|  s  ?  s  g 

O  <  O  CS  N  CM  W  ^ 

l->  a- 


$  £ 


DX  « 

o  g  ul 

>U4 


«—  in  *n  v>  to  <o 


||  §  9  8  S  8 

>ui  a. 


5-1777  7  7777 

'£*£100000000 


iN.f. 

P 

V 

$?; 

A'/ 

n% 


-  puraag  joajjje/y 


236 


Figure  H3  -  Payload  Trajectory  Characteristics 


Payload  Weight  =  10,000  Lbs. 

Aircraft  Speed  =  150  Knots 
Engagement  Altitude  =  500  Ft. 

Brake  Force  =  4.5  x  10,000  =  45,000  Lbs. 
JATO  Augmentation  =  8000  Lbs.  for  '5  Seconds 


Figure  114  -  Effect  of  JATO  Augmentation  on  Paylocu  Trajectory  Characteristics 


time  history  Is  shown  In  Figure  1 15.  These  data  are  plotted  for  a  10,000  pound  payload 
with  a  brake  force  setting  equal  to  4.5  timet  the  cargo  weight.  Vertical  velocity  It  de¬ 
creasing,  following  an  initial  paak,  at  the  cargo  approaches  the  Initial  peak  of  the  lift¬ 
off  trajectory.  Maximum  line  force  is  an  the  order  of  six  times  the  cargo  weight. 

A  summary  of  system  physical  characteristics  is  shown  in  Table  XXXIV.  Due  to  the  modu¬ 
lar  approach  taken  in  recovery  parachute  selection  and  helium  storage  bottle  design,  sys¬ 
tem  weight  efficiencies  are  seen  to  fluctuate  over  the  range  of  gross  cargo  weights  from 
3,000  to  10,000  pounds.  System  weight  efficiency  is  defined  at  the  ratio  of  net  cargo 
weight  to  gross  cargo  weight.  The  gross  cargo  is  the  sum  of  the  net  cargo  weight,  shown 
in  column  four,  and  the  total  system  weight  shown  in  column  two.  The  values  shown  in 
the  last  column,  derived  by  taking  the  ratio  of  total  system  weight  to  net  cargo  weight, 
indicate  that  ground-to-air  retrieval  and  redeployment  of  cargo  by  the  recommended  bal- 
loon/line  technique  required  an  additional  weight  equal  to  approximately  12  percent  of 
the  cargo  weight. 
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TABLE  XXX!V 

BALLOON  UNE  RETRIEVAL 
SYSTEA-t-WEIGHT  AND  VOLUME  SUMMAR 


EVALUATION  OF  SELECTED  SYSTEM 


This  section  presents  results  of  the  evaluation  of  the  selected  retrieval  system  concept. 

The  method  used  in  the  evaluation  follows  closely  the  approach  outlined  in  Appendix  8, 
which  Is  centered  on  the  determination  of  a  concept  ranking  number 


with 
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CPN  =Pe 


77  r  (T  +  T  ) 
m  '  c  r 


W  +W 
s  c 


P@  =  Retrieval  engagement  probability 

*=  Net  cargo  weight 

W  =  Retrieval  and  delivery  system  weight 

s 

7  "  Root-mean-square  delivery  dispersal 

Tc  =  Delivery  cycle  time 

Tr  =  Retrieval  preparation  time 


(86) 


In  the  case  of  a  retrieval-delivery  operation,  a  slightly  different  interpretation  must  be 
allotted  to  the  concept  of  "delivery  cycle  time"  as  compared  with  that  used  in  delivery 
system  evaluation. 

In  the  latter  case,  the  operational  situation  used  for  concept  evaluation  essentially  consti¬ 
tutes  a  pipeline  iype  of  supply  flow,  where  events  occur  regularly  separated  by  repetitive 
rime  intervals;  hence  the  expression,  "cycle  time." 

Retrieval-delivery  operations,  however,  are  more  likely  to  appear  as  a  series  of  unrelated 
single  events,  and  the  concept  of  drop  cycle  time  loses  meaning. 

A  meaningful  interpretation  of  T,;  can,  however,  be  retained  in  the  context  of  retrieval- 
delivery  operat  ions  by  redefining  Tc  as  the  time  required  for  stripping  the  drop  cargo  of 
retrieval  and  delivery  gear  and  for  clearing  the  impact  area  of  delivery  equipment  debris 
or  salvageable  delivery  equipment. 

Pick-Up  Engagement  Probability 

The  pick-up  engagement  probability  Is  assumed  to  be  identical  with  the  contact  probability. 
It  is  evaluated  as  follows; 

The  situation  Immediately  prior  to  a  pick-up  engagement  is  shown  In  Figure  o?.  The  essen¬ 
tial  elements  are  the  following: 

o  A  pole,  carrying  one  or  mure  engagement  hooks,  extended  below  the  retrieval 
airplane 
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o  A  part  of  a  loop  on  the  cargo  lift  line  suspended  horizontally  over  the  balloon 
and  normal  to  the  flight  path  of  the  retrieval  airplane 

For  the  purpose  of  analysis,  an  engagement  is  considered  to  he  achieved  whenever  the 
flight  path  is  such  that  any  part  of  the  pole  Intercepts  any  part  of  the  suspended  length 
of  the  lift  line  loop.  Conversely,  failure  to  achieve  contact  is  registered  as  an  engage¬ 
ment  failure. 

From  an  analytical  standpoint,  it  is  convenient  to  restate  the  conditions  as  follows: 

A  retrieval  engagement  Is  achieved  whenever  the  flight  path  of  the  airplane  is  controlled 
so  as  to  intercept  u  target  area  attached  to  the  balloon  whose  width  equals  the  orojection 
of  the  suspended  lift  line  loop  on  a  plane  normal  to  the  flight  path,  and  whose  height 
equals  the  projection  of  the  pole  on  the  same  plane. 

Failure  to  achieve  pick-up  engagement  can  be  traced  to  two  basic  sources: 

o  Inept  control  of  the  airplane  flight  path  by  the  pilot 
o  Random,  unanticipated  motion  of  ihe  target  which  is  beyond  tire 
compensative  powers  of  She  pilot/airpJane  combination 

Only  the  last  item  will  be  considered  in  this  analysis. 

A  tethered  balloon  exhibirs  some  degree  of  oscillatory  motion  when  exposed  to  wind. 

There  are  two  basic  causes  for  this  motion.  One  is  the  periodic  shedding  of  Von  Karman 
vortices  which  may  bause  yaw  angle  oscillations  and  induce  oscillatory  lateral  displace¬ 
ments.  This  type  of  motion  will  not  be  considered  because  design  features  can  be  incor¬ 
porated  to  suppress  this  phenomenon.  The  other,  which  is  the  subject  for  this  analysis,,  is 
random  motion  caused  by  gustiness  of  the  wind. 

Dynamic  Properties  of  the  Balloon 

A  tethered  balloon  can  be  conceived  as  an  inverted  pendulum  with  small  mass,  small  re¬ 
storing  forces,  and  very  large  damping  constants. 

(t  corresponds  dynamically  to  a  first-order  system,  possessing  a  transfer  function  which  is 
flat  at  near  unit  value  o'«er  the  lower  and  middle  parts  of  the  frequency  range  and  which 
drops  down  to  near  zero  at  higher  frequencies.  Inis  means  essentially  tliat  the  balloon  ex¬ 
cursion  responses  are  proportional  to  and  in  phase  with  the  exciting  gusr  velocity  incre¬ 
ments. 

Gust  Description 

This  analysis  is  based  on  a  power  spectral  density  description  of  the  gust  characteristics. 
Actual  data  used  were  taken  from  Reference  28. 

The  following  data  were  used: 

Spectral  shape:  Woodlands,  400-6C0  feet  altitude 

Scale  length:  L1  =  400  feet,  400-600  feet  altitude 

Turbulence  parameter:  { ^u/vw)2  --  .  10  at  SOS  feet  altitude 

While  these  data  specifically  pertain  to  vertical  gusts,  the  concept  of  isotropic  turbulence 
is  generally  applied  as  a  working  hypothesis  in  gust  studies,  ft  is  also  adopted  here. 
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Balloon  Motion 


In  steady  wind  conditions,  the  aerodynamic  drag  of  the  balloon  and  the  tether  line  causes 
the  balloon  to  drift  downwind  until  a  force  equilibrium  between  aerostatic  lift,  aerody¬ 
namic  lift,  aerodynamic  drag  and  tether  line  tension  is  achieved.  Thai  equilibrium  is 
characterized  by  a  drift  angle  9,  measured  from  the  vertical  through  the  ground  tether 
point,.  Values  tor  9  as  a  function  of  wind  speed  cue  shown  in  Figure  112* 

£ hangss  In  wind  speed  cause  variations  in  9  alon^  with  variations  in  longitudinal  and  ver¬ 
tical  displacement  of  the  balloon.  Due  to  the  dynamic  properties  of  the  balloon  described 
above,  the  readjustment  to  the  new  equilibrium  position  is  practically  instantaneous.  Only 
the  ver!  ical  displacement  component  is  important  from  the  standpoint  oft  igagement  pro¬ 
bability.  Changes  in  wind  direction  have  the  following  effects.  First,  since  the  balloon 
has  weathercock  stability,  it  aligns  itself  with  the  new  wind  direction  with  a  negligibly 
short  time  lag.  Second,  it  drifts  laterally  until  the  projection  of  the  tether  line  on  the 
horizonta  l  plane  is  also  aligned  with  the  new  wind  direction.  Again,  the  response  to  a 
gradually  changing  wind  direction  is  practically  lug  free,  while  for  an  extremely  abrupt 
change,  some  time  lag  in  the  response  can  be  expected.  The  lateral  displacement  of  the 
balloon  is  very  important  from  the  standpoint  of  engagement  probability. 

The  magnitudes  of  the  displacement  vector  components  for  the  balloon  are: 

Vertical  displacement 

ZTi  =  hsin0i£  '  Au  (87) 

aw 


Lateral  displacement 

Ay  =  hsin  0  (-— -^)y 

w 

where  =  -707  •  (  A»L) 

'  w 

Da 

0  =  tan  (-w.,.— — — / 

4  +  la 

do  _ *  *la/ls 

dvw  [j +  vaJ ~2+_<ivv 

where 


v 


w 


h  *»  Length  of  balloon  lift  line,  feet 

Au  =  Root-mean-square  gust  velocity,  fps  (Ref.  28) 

v  *  Steady  wind  component,  fps 
w 

0  «  inclination  from  the  vertical  of  rndius  vector  from  the  ground 

tether  point  to  balloon 
L  ^  =  Aerodynamic  lift  of  balloon 

D  ^  =  Aerodynamic  drag  of  balloon 


(88) 

(89) 

(90) 
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L<j  =  Excess  bo  1  loon  buoyancy  lbs 
=  Balloon  lift  coefficient 
Cq  =  Balloon  drag  coefficient 
Sg  =  Reference  area  =  Vg2^3  (Ref.  29) 
VQ  =  Balloon  volume,  ft^ 


Displacement  calculations  were  made  using  the  following  numerical  dota: 


h  =  500  ft 

(Design  data) 

(Au/vJ2  =.10,  .20 

(Ref.  28) 

VB  =  6000  ft3 

(Design  data) 

CL  =.34 

(Ref.  29) 

-s- 

it 

a 

(Ref.  29) 

Lc  =  60  lbs 

(Design  data) 

Engagement  Probability  Degradation 

Reduction  of  the  engagement  probability  is  caused  by  the  random  vertical  and  horizontal 
displacement  of  the  balloon  under  gust  conditions  which  cannot  be  anticipated  by  the  pilot 
controlling  the  flight  path  of  the  retrieval  airplane. 

If  the  balloon  motion  is  slow,  it  can  be  noticed  at  sufficiently  large  distance  that  appro¬ 
priate  flight  path  corrections  can  be  made;  if,  however,  it  is  abrupt  and  happens  only  a 
short  time  before  anticipated  contact,  the  engagement  opportunity  may  be  missed.  The 
important  factor  is  the  characteristic  response  time  constant  for  the  pilol/airplane  combina¬ 
tion.  An  absolute  lower  bound  for  this  response  time  is  afforded  by  the  duration  of  the 
short-period  longitudinal  oscillation  of  the  airplane.  A  typical  value  is  of  tne  order  1.0  - 
1 .5  seconds.  For  corrections  involving  lateral  motion  of  the  airplane  as  well,  a  consider¬ 
ably  longer  period  may  result,  probably  of  the  order  3-5  seconds.  This  corresponds  to  a 
characteristic  wave-length  for  the  airplane  response  of  from  750  -  1250  feet,  representing 
the  lower  limit  for  the  distance  between  balloon  and  airplane  within  which  o  balloon  dis^ 
placement  perturbation  can  be  accommodated  by  control  of  the  flight  path.  1 

Gust  Encounter  Probability 

The  gust  frequency,  or  the  number  of  gusts  per  second  Is  given  by 


n 


8 


(91) 


where 
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vw  =  Wind  speed 

L'  =  Characteristic  gust  wavelength 

The  probable  number  of  gust  occurrences  during  the  critical  approach  period  for  the  air- 
plane  is 


9 


(92) 


where 


t^  =  Response  time  constant  for  pilot/airplane  combination. 


interpreting  gust  occurrences  as  discrete  events,  the  probability  of  guiit  encounters  can  be 
written  as 


Vs„  -  ’  -  e"N“p 


Engagement  Target  Location 

The  size  of  the  engagement  target  area  is 


Af  --  a  •  b 

where 

a  =  length  of  pick-up  pole  projection  on  a  plane  normal  to  the  flight 
path 

b  =  length  of  projection  of  lift  line  engagement  loop  on  a  plane  norma! 
to  the  flight  path 


The  jirohnble  size  of  the  area  within  which  the  target  is  located  is 

Ap  =  At  +  A  y  •  b  +  A  z  ♦  a  +  Tf  •  A  y  *  A  z 

where 


(93) 


(94) 


(95) 


Az  -  root-mean-square  value  of  vertical  displacement  due  to  gust 
Ay  =  root-mean-square  value  of  lateral  displacement  due  to  gust 

The  event  that  the  target  is  displaced  from  its  center  location  is  contingent  upon  the  event 
that  a  gust  has  occurred  within  the  critical  time  period  t^  =  4  seconds.  This  probability 

is  P(gUSt)  as  5hown  above. 


The  probability  of  the  event  that  a  miss  is  registered  upon  an  encounter  with  a  displaced 
target  is 

W  -  <’  >  -  <>  - - = ' b 


A 


(ab+  Ay'k+S"za+  7T *  Ay 


(96) 
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(97) 


The  resulting  probability  of  target  engagement  is  consequently 
^  Hit  ^  ^(gust)  ^Miss 


Results 


Figure  1 16  presents  the  results  of  the  analysis,  shown  as  a  plot  engagement  probability 
versus  wind  speed  for  gust  variance  values  of  .  10  and  .20.  The  results  indicate  a  quite 
serious  degradation  in  engagement  probability  for  wind  speeds  exceeding  20  knots. 

Tha  results  are,  however,  not  so  sensitive  to  gust  variance.  Experimental  data  on  which 
these  results  are  based,  indicate  a  spread  in  gust  variance  between  the  limits  shown  in  the 
figure.  It  is  concluded  that  the  engagement  probability  values  shown  in  Figure  116  repre¬ 
sent  a  realistic  assessment  of  expected  performance  for  any  system  using  this  type  of  engage¬ 
ment. 


Time  Element  Estimation 


The  retrieval  preparation  time  t  depends  basically  on  the  crew  size  available  for  prepara¬ 
tion,  but  is  also  a  function  of  the  weight  and  configuration  of  the  retrieval  cargo.  In  lieu 
of  specified  data  for  these  characteristics,  it  has  been  assumed  for  the  purpose  of  evalua¬ 
tion  that  the  ^reparation  time  is  a  linear  function  of  retrieval  cargo  weight  varying  from 
1  hour  for  3000  lbs  cargo  weight  to  3.0  hours  for  10,000  lbs.  It  is  believed  that  these 
values  would  approximate  realistic  averages  for  field  conditions. 


The  impact  area  time  tc  is  also  a  function  of  the  crew  size  available.  In  consideration  of 
the  cargo  weights  involved,  it  has  been  assumed  that  the  crew  sizo  has  been  sizsd  to  make 
the  cargo  preparation  time  essentially  a  function  of  cargo  weight. 


The  derigging  time  factors  have  been  assessed  as  3000  lbs  -  10  minutes;  10,000  lbs  -  30 
minutes,  with  linear  variations  for  intermediate  weights.  In  addition  to  the  derigging 
operations,  the  task  of  clearing  the  impact  area  of  drop  gear  debris  and  salvageable  drop 
gear  components  was  also  assessed.  Table  XXXIII  gives  the  particulars  for  the  delivery 
systems  involved,  The  following  factors  have  been  used  in  the  estimation: 


Parachute  Type 


Task 


Time,  Min's 


G-U 

G-12 

Both 


Straighten  &  Roll-up 
Straighten  &  Roll-up 
Stow  on  Transporter 


10.0 

5  C 

I  min/100  lbs 


A  fixed  clear-up  crew  size  of  two  men  has  been  assumed  fbi  this  table. 


Crew  Size 


2 

1 


Table  XXXV  gives  the  results  of  the  time  estimation  for  the  retrieval-delivery  operations. 
The  total  ground  time  is  taken  as  rhe  sum  of  the  cargo  rigging  time  and  the  pacing  item  of 
cargo  derigging  time  or  drop  gear  salvage  and  clear-up  time,  under  the  assumption  that 
the  last  two  tasks  are  carried  out  concurrently. 

The  delivery  dispersal  measure  Fm  is  assumed  as  80  feet,  corresponding  to  a  delivery  drop 

alt'tucis  of  1500  foet  as  shown  in  the  section  presented  in  the  delivery  system  evaluation 

data. 
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re  116  -  Retrieval  Engagement  Probability  for  Balloon  Line  Retrieval  System 


TABLE  XXXV 


Wc 

Values  for  the  we!ght  efticiet.  :ies  We  +  W3  05,6  >akon  from  Table  XXXIV. 

Pick-up  engagement  probability  values  P3  are  taken  from  Figure  116  for  wind  speed  of  0, 
10,  20,  and  30  knots. 

Results 

Values  for  the  concept  performance  number  computed  for  each  nominal  retrieval  cargo 
weight  are  shown  in  Table  XXXVI. 

It  should  be  noted  rhat  the  concept  performance  numbers  shown  In  Table  XXXVI  represent 
estimates  of  performance  for  average  operating  conditions.  Two  principal  areas  of  sensi¬ 
tivity  should  be  mentioned. 

Thes  data  given  are  quite  sensitive  to  variations  in  the  ground  operations  time  values  shown 
in  Table  XXXV.  Although  the  values  quoted  there  represent  estimates  of  average  condi¬ 
tions,  values  characterising  particular  operational  situations  may  depart  considerably  from 
the  averages,  depending  on  terrain,  soil,  available  manpower,  etc. 

The  second  principal  area  of  sensitivity  pertains  to  the  assessment  of  engagement  probabil¬ 
ity.  Under  similar  operating  conditions,  a  certain  system  scale  effect  may  be  present  due 
to  variations  in  the  length  of  the  engagement  loop  on  the  lift  lino.  This  effect  is  however 
bound  to  be  minor. 

A  source  of  greater  variation  can  be  traced  to  differences  in  prevailing  wind  velocity. 

This  is  an  environmental  parameter  which  is  subject  to  considerable  fluctuations  between 
different  localities.  The  same  comment  applies  to  the  gust  variance. 


TABLE  XXXVI 


CTOL/VTOL  EFFECTIVENESS  EVALUATION 


A  cursory  analysis  was  made  of  the  cost  effectivenes  of  the  candidate  retrieval  system  rel¬ 
ative  to  transport  by  VTOL  aircraft  and  helicopters.  The  presumed  purpf.s  T  such  a  study 
is  to  provide  sufficient  information  concerning  the  relative  value  of  sucf  systems  so  as  to 
permit  assessment,  of  the  merit  of  continued  research  and  development  of  retrieval  systems. 
The  cursory  nature  of  the  analysis  is  based  upon  the  impractical ity  of  applying  a  spectrum 
of  missions  to  a  varied  environment  of  operations  in  different  types  of  war  as  considered  in 
Ihe  light  of  postulated  enemy  strategy  —  all  within  the  scope  of  the  desired  study.  He'*  -* 
ever,  despite  the  simplified  approach,  the  study  used  technique:  which  provide  compari¬ 
sons  of  the  cost,  productivity,  vulnerability,  and  reliability  of  the  system  of  retrieval  by 
airplane  as  contrasted  with  transport  of  payloads  by  VTOL  and  helicopters. 

It  is  emphasized  that  the  comparisons  of  cost  and  effectiveness  mu?*,  therefore,  be  consid¬ 
ered  relative  in  nature.  The  scope  of  the  program  as  a  whole,  and  this  study  in  particular, 
did  not  permit  a  sophisticated  and  detailed  collection  of  pertinent  cost  dato.  Neither 
could  the  performance  of  the  various  aircraft  include  detailed  calculations  of  the  various 
segments  of  the  mission  profiles.  Nevertheless,  inasmuch  as  the  assumptions  and  tech¬ 
niques  were  equally  appliea  to  each  aircraft  3ystem,  the  results  are  considered  valid  and 
indicative  of  the  best  aircraft  system  or  technique. 

The  analysis  used  the  following  procedure  and  operations: 

o  Selection  of  aircraft  for  comparison 
o  Establishment  of  scenarios  —  with  a  basic  mission  task 
o  Determination  of  relative  effectiveness  using  a  Retrieval  Index 
o  Determination  of  relative  cost  using  a  Cost  index 
o  Analysis  of  relative  cost  effectiveness 


Selection  of  Aircraft 


The  following  aircraft  systems  were  selected  for  analysis  in  order  to  provide  a  representa¬ 
tive  capability  based  upon  existing  or  projected  aircraft: 

o  CTOL:  C-130,  C-141,  and  C-5A  (as  required) 


Based  on  continuing  Lockheed-Georgia  Company  studies,  the  following  were  utilized: 

o  VTOL:  (I)  A  tilt-wing  design  with  a  low  cruise  speed  of  M  "■  -65  capable  of 

payloads  of  20,000  pounds  at  500  nautical  miles  radius,  and  35,000 
pounds  at  200  nautical  miles  radius. 


(2)  A  Direct-Lift  design  representative  of  swept  wing  designs  capable  of 
achieving  a  cruise  speed  of  M  =  .85  and  payloads  Identical  with 
VTOL  (1). 


The  following  helicopters  were  selected  from,  and  pertinent  data  based  upon,  those  exist¬ 
ing  in  the  military  inventory: 
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o  Helicopters:  (A)  Conventional  stngle  rotor  helicopter  with  payload  carried  in¬ 
ternally  and  loaded  through  aft-loading  fuselage  doors. 

(B)  Conventional  twin  rotor  helicopter  with  loading  simitar  to 
helicopter  (A). 

(C)  A  single  rotor  helicopter  with  load  carried  externally.  This 
helicopter  features  high  payload  c..\.»aeity  for  short  radii. 


Parametric  Aircraft  Data 


In  order  to  perform  the  cost  effectiveness  analysis,  pertinent  performance,  configurations, 
and  cost  data  were  collected  and  are  presented  in  Table  XXXVil.  Data  for  Lockheed  air¬ 
planes  were  taken  from  appropriate  SAC  charts.  Reference  29,  and  the  C-5A  proposal . 
Comparable  data  for  the  VTOL  aircraft  were  derived  from  past  Lockheed  studies  concern¬ 
ing  VTOL  cargo  wnsports.  Data  for  the  helicopters  wi  re  derived  from  material  presented 
in  References  30  and  31, 

Retrieval  System 

The  retrieval  system  used  with  CTOL  airplanes  for  this  ana.ysis  consisted  of  a  nylon  line, 
a  helium-filled  balloon,  a  winch,  and  miscellaneous  pickup  equipment  in  the  airplane. 

In  operation,  one  end  of  the  nylon  line  was  fastened  to  the  payload  with  the  line  itself 
held  aloft  by  the  balloon.  Retrieval  is  effected  by  the  airplane  snagging  the  line  at  the 
balloon. 

Basic  Assumptions 

Application  of  the  selected  aircraft  to  cost  effectiveness  analysis  required  estab! ishment  of 
certain  pertinent  bcsic  assumptions  which  are: 

1 .  Existing,  or  known  projected,  aircraft  are  used  as  a  basis  for  analysis.  This  re¬ 
sults  in  application  of  retrieval  systems  to  airplanes  which  are  not  tailored  spe¬ 
cifically  to  retrieve  or  transport  10,000  pounds  only.  Otherwise  stated,  the  air¬ 
planes  required  for  analysis  retrieve  payloads  considerably  less  than  design  maxi¬ 
mum  payload,  and,  as  such,  operate  at  varying  degrees  of  efficiency.  This  as¬ 
sumptive  selection  also  accounts  for  the  fact  that  the  VTOL  aircraft  and  heli¬ 
copters  have  payload  capabilities  in  excess  of  the  10,000  pounds  proposed  for 
retrieval  by  airplane. 

2  The  specific  equipment  to  be  retrieved  and  transported  is  not  identified  and  is 
appropriately  prepared  for  retrieval  or  transport  by  ground  personnel. 

3.  Ail  aircraft  are  assumed  to  have  the  ability  to  retrieve  and  redeliver  people.  This 
is  assumed  in  order  to  Fit  the  systems  into  the  proposed  scenarios. 

4  .  VTOL  aircraft  and  helicopters  are  assumed  to  bo  on  the  ground  for  retrieval  oper¬ 
ations.  Loading  and  unloading  times  are  assumed  to  bo  0.2  hour  each. 

5.  The  full  load  capability  of  the  VTOL  and  helicopter  types  are  used  because  of 
Assumption  4.  The  payioad  to  be  airlifted  is  varied  as  a  function  of  the  radius 
flown . 

6.  The  full  range  and  radius  capability  of  the  aircraft  will  be  utilized  to  make  a? 
many  unrefueled  round  trips  as  possible. 
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TABLE  XXXV H 

COST  EFFECTIVENESS  PARAMETERS 
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7.  All  aircraft  are  based  50  nautical  miles  from  the  point  of  retrieval .  Aircraft 
requiring  refueling  leturn  to  this  base  in  order  to  preclude  transport  of  fuel  to  the 
retrieval  point. 

8.  The  initial  supply  of  helium  for  the  retrieval  system  Is  available  to  the  ground 
support  troops.  Additional  helium  is  airdropped  as  required. 

9.  Refueling  time  hr  VTOL  aircraft  is  assumed  to  be  0.2  hour,  while  that  for  heli¬ 
copters  is  assumed  to  be  ).  1  hour. 

10.  Retrieval  and  outbound  flight  speed  for  the  C-130  is  150  knots,  the  maximum 
speed  with  the  cargo  doors  open.  For  the  C-KI  and  C-5A,  the  comparable 
speed  is  assumed  at  200  knots.  The  speed  for  return  is  that  block  speed  appro¬ 
priate  for  the  doors  in  a  closed  position  for  the  radius  flown  and  derived  from 
Reference  29. 

1 1 .  The  outbound  speed  of  helicopter  (C)  considers  the  drag  of  the  external  cargo, 
and  the  return  speed  is  adjusted  accordingly. 

Other  assumptions  of  a  minor  nature  are  set  forth  as  necessary  during  the  development  of 
the  method . 

Scenarios 

Prior  to  establ  ishment  of  the  scenarios,  it  became  apparent  that  certain  tactical  situations 
were  likely  to  exist  which  would  mitigate  against  one  type  of  aircraft  or  another.  Specif¬ 
ically,  some  aircraft  have  high  payload  to  gross  weight  capability  for  short  range  opera¬ 
tions.,  but  have  very  little  pavioaa  capability  for  longer  ranges.  Some,  such  as  the  heli¬ 
copter,  'jre  extremely  limited  in  total  range  when  compared  with  the  basic  range  capa¬ 
bility  of,  say,  C-J30  or  C-Ml  airplanes  regardless  of  payload  capacity.  Consequently, 
it  became  apparent  that  two  scenarios  were  necessary  to  adequately  measure  the  opera¬ 
tional  effectiveness  of  VTOL  aircraft  versus  retrieval  by  CTOL  systems.  Hence,  one 
sconairo  has  a  mission  task  which  is  within  helicopter  range  capability  end  the  other  a 
task  beyond  helicopter  range  capability. 

Short  Range  -  Scenario  A_ 

Tactical  Situation  -  Pathot  Lao  forces  have  advanced  down  the  eastern  banks  of  the  Mekong 
in  Laos  through  the  mountain  passes  and  are  attempting  to  drive  to  the  South  China  Sea. 

The  apparent  route  in  Vie?  Nam  is  the  mein  highway  from  Dak  To  to  An  Nhon  on  the  coast 
via  Kontrum.  The  objective  Is  to  split  U.S.  and  Viet  Nam  forces  into  two  groups:  one 
concentrated  in  the  north  at  DV  Nang  and  another  around  Saigon.  Once  split,  the  north¬ 
ern  group  can  be  conquered  by  pressure  from  the  Viet  Cong  in  the  north  and  from  the  Pathet 
Lao  forces  in  the  south. 

U.S.  Operation  -  In  a  counter  move,  U.S.  Forces  based  in  eastern  Thailand  in  the  region 
just  southwest  of  Savannakhet,  Laos,  will  lump  on  a  counter  thrust.  ~Tbe,$bjectiva  will  be 
to  drive  across  Laos  into  Viet  Nam  and  link  with  U.S.  Forces  at  Quang  TriT"  This  move 
would  effectively  bottle  up  Pathet  Lao  forces  and  place  them  in  the  position  in  which  they 
at©  hoping  fo  place  U.S.  Forces.  To  achieve  the  element  of  surprise,  and  to  circumvent 
the  necessity  for  bridging  the  Mekong,  h’Oups  and  equipment  will  be  airlifted  across  the 
river  Into  the  relatively  flat  area  around  Muong  Pha  Lane.  Again,  in  the  interests  of  speed 
and  surprise,  equipment  will  bs  retrieved  and  transported  from  a  "where  It  is"  location  and 
will  be  subsequently  airdropped  near  Muong  Pha  lane.  For  operations  in  this  scenario,  the 
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maximum  transport  distance  is  the  maximum  range  of  the  helicopters  which  is  assumed  to  be 
200  N.M. 

Long  Range  -  Scenario  B 


Tactical  Situation  -  The  situation  in  Viet  Nam  has  deteriorated  to  the  point  where  a  com¬ 
plete  evacuation  of  U.S.  Forces  is  mandatory.  In  this  "Dunkirk"  style  situation,  it  is  as¬ 
sumed  that  sealift  cannot  completely  handle  the  task  due  to  insufficient  time  to  assemble 
the  necessary  ships  and  a  general  lack  of  dock  facilities.  It  is  further  assumed  that  avail¬ 
able  airfields  are  crowded  with  fighter  and  attack-type  airplanes. 

U.S.  Operation  -  In  order  to  salvage  as  much  equipment  as  possible,  it  has  been  decided 
to  use  retrieval  techniques  to  airlift  equipment  to  a  point  near  Bangkok,  Thailand,  which 
is  400  nautical  miles  from  the  retrieval  point  within  the  Saigon  perimeter.  Total  radius 
from  base  is,  therefore,  500  nautical  miles.  Upon  arrival  at  Pxjngkok,  the  equipment  will 
be  classified  and  stored  for  later  transhipment  by  sealift  using  the  port  facilities  at  Bangkok 
and  sailing  down  the  Gulf  of  Siam. 

This  scenario  is  beyond  the  range  «f  helicopters  and  analysis  will  be  confined  to  CTOL  and 
VTOL  aircraft. 


Retrieval  Effectiveness 

In  order  to  measure  the  effectiveness  of  the  various  systems  for  relocating  material  in  the 
type  of  missions  suggested  by  the  scenarios,  the  total  payload  retrieved  or  transported  was 
determined.  To  accomph.h  this,  it  was  considered  that  the  total  payload  so  moved  should 
consider  the  number  of  aircraft  involved,  their  survivability  under  combat  situations,  their 
productivity  or  rate  of  delivery,  end  their  dependability  as  a  function  of  reliability  of  the 
total  system.  The  total  quantity  moved  (R)  can  therefore  be  expressed  by  the  following 
relationship: 

R  =  Number  A/C  x  Survivability  x  Productivity  x  Dependability 


where 


Number  A/C  ~  number  of  aircraft  procurable  by  100  million  production  dollars 

Survivability  Index  =  — r — — 

'  vulnerability 

Productivity  =  Tons  of  payload  transportable  by  each  aircraft  in  a  day  consisting 
of  10  hours  operation 

Dependability  ~  Reliability  and  availability  as  a  function  of  maintainability  of 
aircraft  plus  retrieval  system 

Each  of  these  terms  is  d’  sussed  in  detail  in  the  following  paragraphs  except  the  number  of 
aircraft,  which  is  discus. ed  in  the  section  entitled  "Costs." 

Productivity 

The  productivity  is  measured  by  the  tons-per-day  moved  by  each  aircraft  and  associated 
retrieval  system  in  a  military  operation  lasting  10  hours  per  day.  As  such,  it  is  this  mea¬ 
sure  that  accounts  for  the  effects  of  speed.  In  Scenario  A,  range  is  a  variable,  but  in 
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Scenario  B,  range  is  a  constant,  in  both  scenarios,  appropriate  time  for  ground  loading 
and  unloading,  as  well  as  refuelip,<g,  is  accounted  for. 

Basic  procedure  consisted  of  takeoff  from  the  aircraft  case  and  flight  to  the  point  of  re¬ 
trieval  which  is  50  nautical  miles  distant.  At  this  point,  the  CTOL  airplanes  retrieved  the 
10,000  pounds  "on  the  fly, "  while  the  VTOL  aircraft  and  helicopters  landed  for  loading 
aboard.  The  payload  was  airlifted  to  the  point  of  delivery  where  the  CTOL  airplanes  air¬ 
dropped  th©  payload,  with  VTOL  an  !  helicopters  landing  for  discharge  of  cargo.  The  re¬ 
turn  flight  was  made  to  the  point  of  retrieval  where  the  process  was  repeated.  The  fuel  ca¬ 
pacity  of  the  airplanes  was  such  that  continuous  round  hips  could  he  made  in  she  10  hour 
period  without  refueling.  However,  if  was  necessary  to  refuel  the  VTOL  and  helicopters 
at  the  end  of  each  trip,  thus  requiring  a  return  to  the  original  base. 

The  unit  productivity  of  each  type  of  aircraft  was  computed  from  the  number  of  trips  flown 
in  the  assumed  10  hour  day.  Fractional  trips  were  included  inasmuch  as  these  data  are  ap¬ 
plied  to  a  fleet  concept.  The  unit  productivity  is  shown  in  Figure  1 17. 

Those  data  indicate  that  the  VTOL  aircraft  are  the  best,  followed  by  CTOL  and  the  heli¬ 
copters  in  that  order.  Included  in  these  calculations  are  the  results  of  calculations  to  show 
the  deterioration  of  productivity  of  the  C-130  if  it  should  be  required  to  return  to  base  to 
reload  JATO,  as  would  be  necessary  if  the  retrieval  system  selected  required  such  additional 
thrust , 


One  of  the  penalties  incurred  by  the  helicopters  is  the  time  required  to  load  and  unload  the 
cargo.  Accordingly,  the  unit  productivity  was  computed  for  loading  times  iarger  and  smal¬ 
ler  than  that  originally  assumed.  The  resulting  effect  is  presented  in  Figure  118. 

The  total  fleet  productivity  is  presented  by  rigura  1 19.  These  data  are  simply  the  product 
of  unit  productivity  times  the  number  of  aircraft  procured  by  $100,000,000.  No  account 
is  made  on  thii  graph  of  availability,  dependability,  or  survivability. 


Vulnerability 


The  vulnerability  analysis  described  herein  is  necessarily  based  on  greatly  simplified  models. 
Although  it  is  believed  that  the  comparisons  indicate  relative  differences  between  aerial- 
retrieval  and  ground-loading  operations,  it  is  emphasized  the  f  no  siyfiifiCQnCc  snouia  jo© 
attached  per  se  o  the  magnitudes. 


Ail  of  the  selected  aircraft  are  investigated  except  VTOL  (2),  the  direct  lift  configuration, 
which  is  omitted  as  being  obviously  the  most  vulnerable  due  to  Its  multiplicity  of  engines. 
Each  of  the  airplatv's  is  assumed  to  perform  the  retrieval  at  an  altitude  of  500  feet. 


The  helicopter  are  assumed  to  begin  gradual  descent  from  500  feet  altitude  as  they  approach 
within  3C00  feet  of  the  loading  base.  A  similar  pattern  is  followed  at  takeoff.  The  average 
velocity  during  ascent  and  descent  is  assumed  to  be  50  knots.  The  flight  profile  of  the 
VTOL  aircraft  is  assumed  to  be  the  same  as  for  the  helicopters.  However,  the  average  ve¬ 
locity  during  ascent  and  descent  is  assumed  to  be  100  knots. 

The  factors  which  are  assumed  to  have  an  influence  on  loading  vulnerability  are; 

o  Average  velocity  during  the  encounter 

o  Averago  slant  range 

o  Exposure  time  on  tbe  ground 

o  Inherent  vulnerability  (vulnerable  area) 
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Figure  118  -  Effect  of  Loading/Un  loading  Time  on  Unit  Productivity 


The  combined  effects  of  those  factors  is  used  to  determine  relative  vulnerability  ratings 
between  the  various  aircraft. 


For  overflying  airplane®/  the  assumed  threat  consists  of  a  ..50  cal .  machine  gun  site  located 
directly  under  fho  flight  path  with  maximum  effective  slant  rang®  of  approximately  2000 
feet .  the  average  slant  range  In  the  firing  cone  Is  assumed  to  bo  1000  feet.  The  vulnera¬ 
bility  of  the  balloon  used  in  the  retrieval  systems  n  assumed  negligible  in  terms  of  damage 
due  to  small  arms  fire.  This  is  based  upon  the  low  inflation  pressures  used  and  an  the  war- 
time  experience  of  non-rigid  airships  which  have  been  holed  by  weapons  of  considerably 
larger  caliber  without  undue  lass. 


For  helicopters  and  VTOL  aircraft,  the  threat  consists  of  a  .50  cal .  machine  gun  sit©  lo¬ 
cated  directly  under  the  approach  or  take-off  path  at  a  distance  of  1500  feet  from  the  land¬ 
ing  base.  The  enemy  also  has  mortars  and  recoil  less  rifles  of  several  thousand  yard  range 
which  are  used  to  attack  the  aircraft  on  the  ground  during  the  assumed  .2  hour  loading 
Hm©.  The  average  slant  range  in  the  firing  zono  is  assumed  to  b©  somewhat  less  than  for 
the  overflying  aircraft,  or  about  700  feet. 


Velocity  -  An  approximation  to  the  expected  klii  probability  during  m  encounter  Is  given 
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Av  «  vulnerable  wm  of  the  (aircraft  (ft) 
n  °  number  of  projectiles  fired  during  the  encounter 
0"  «  standard  deviation  of  the  miss  distance  (ft) 
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Tit©  result*  of  tho  computation  of  the  vulnerability  indices  for  velocity  la  shown  In  Table 
XXXVII!. 

Slant  ftanmt  -  For  a  given  weapon  angular  dispersion,  (f ,  the  average  standard  deviation* 
ortna  weapon  miss  distances  for  the  overflying  aircraft  «<*  related!  to  those  for  tho  landing 
aircraft  by  the  equation 

V\  "  aVv\,  (  i00) 


R0  a  average  slant  range  from  weapon  to  overflying  aircraft  (ft) 


Rj  “  average  slant  rang®  from  weapon  to  landing  aircraft  (ft* 


CJq  standard  deviation  of  weapon  miss  distance  for  overflying 
aircraft  (ft) 
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<7 .  =  standard  deviation  of  weapon  miss  distance  for  landing 
aircraft  (ft) 

hence 

°L  “  °oW 

If  h  assumed  that  R^  -  700  feet  and  Rq  -  1 000  feet .  Hence 
crL  -  0.7  cr0 

nA 

but  -r-  for  the  landing  aircraft.  (101) 

K'  2r/-<7^ 

Therefore 

nA 

p  _  — for  the  landing  aircraft.  (102) 

N  77<Tq 


TABLE  XXXVIII 

VELOCITY  VULNERABILITY  INDICES 


Aircraft 

Assumed  Avo. 
Velocity  durlnj 
Encounter  (Ki», 

f 

J_ 

"T 

V 

Relative 

Vulner.  Indices 
for  Velocity 

€-130 

150 

3.38  x  I06 

0.296  k  10"6 

1* 

0141 

150 

3.38  k  IQ6 

0.296  k  10"6 

1 

(OS 

150 

3.3B x  IQ6 

0.296  k  ID'6 

1 

Helicopter  (A) 

50 

0.123*  10d 

8  k  10-6 

27 

Helicopter  (8) 

50 

0.125  x  106 

8  x  10'6 

27 

Helicopter  (Q 

so 

0,125  k  106 

8  x  )0'6 

27 

VTOL  (1) 

Wj 

I  x  10<v 

'  x  VJ‘6 

3.38 

■u«M»iwwiiiffjMi nt®  'murnmn**  — iw  ne— nm  m mm uw*b  hwp^ 

♦Ih®  0130  k  used  m  the  base  I  In©  for  vulnerability  throughout  this  analysis. 
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Thus,  the  relative  vulnerability  index  of  the  landing  aircraft  must  be  doubled  to  account 
for  the  decreased  average  slant  range  during  flight  through  the  firing  zone  as  shown  in 
Table  XXXIX, 


TABLE  XXXIX 

SLANT  RANGE  VULNERABILITY  INDICES 


Aircraft 

Relative  Vulnerability  Indices 
for  Average  Slant  Range 

0130 

] 

0141 

1 

05 

) 

Helicopter  (A) 

2 

Helicopter  (B) 

2 

Helicopter  (C) 

2 

VTOL  (1) 

2 

Ground  Exposure  Time  “  The  helicopters  and  the  VTOL  aircraft  are  considered  extremely 
vulnoi’abl©  to  Mortar  firo  during  the  0.2  hour  period  of  loading  operations.  If  is  difficult, 
however,  to  measure  this  vulnerability  quantitatively,  since  it  depends  strongly  on  the 
enemy's  skill  and  reconnaissance  capabilities  as  well  as  on  weapon  effectiveness  factors, 
in  order  to  be  conservative.  It  is  assumed  that  friendly  troops  surrounding  the  base  limit 
the  Increased  vulnerability  during  loading  to  10  percent.  The  results  are  shown  in 
Table  XL. 


TABLE  XL 

GROUND  EXPOSURE  VULNERABILITY  INDICES 


Aircraft 


Relative  Vulnerability  Indices 
for  Ground  Exposure 


0130 

0141 

C-5 

Helicopter  (A) 
Helicopter  (B) 
Helicopter  (C) 
VTOL  (1) 


1 

t 

1 


1.1 

1,1 

1.1 


Vulnerable  Areas  -  The  mojor  vulnerable  components  of  any  aircraft’  are  the  crew,  the 
TueTsystem,  the "flight  control  system,  and  the  propulsion  system.  Several  simplifying 
assumptions  are  made  for  this  analysis  in  order  to  reduce  the  calculation  of  vulnerable 
areas  to  a  manageable  level.  The  assumptions  are: 

o  Crew  armor  kits  are  provided  for  ail  aircraft  in  order  to  essentially 
ensure  the  survivability  of  a  minimum  crew. 

o  Self-sealing  blankets  and  explosion  suppression  devices  are  installed 
in  the  fuel  tanks  of  each  aircraft.  This  effectively  reduces  the  vul¬ 
nerability  of, the  fuel  systems  to  a  negligible  level . 

o  The  vulnerability  of  flight  control  subsystems  can  be  neglected  for 
small  arms  fire  because  of  designed  redundancy  for  safety  and  re- 
liability. 

o  The  average  presented  vulnerable  area  of  an  engine  depends  on  the 
horsepower  of  that  engine.  If  the  horsepower  varies  by  a  factor  of 
F,  the  average  presented  vulnerable  area  varies  by  a  factor  of 

Each  engine  of  each  aircraft  is  assumed  to  be  entirely  inde¬ 
pendent  of  any  other  engine  on  that  aircraft.  Thus,  damage  to  a 
vulnerable  engine  component  cannot  result  in  the  loss  of  more  than 
one  engine. 

o  The  average  presented  area  of  each  of  the  engines  of  Helicopter  A 
k  30  ft2. 

o  A  total  of  iO  shots  is  fired  at  each  aircraft  during  an  encounter. 

o  The  standard  deviation  of  the  miss  distance  of  the  small  arms  fire  is 
69.1  feet  for  any  aircraft. 

The  last  three  assumptions  are  necesnary  in  order  to  calculate  quanti¬ 
tative  kill  probabilities  that  can  be  adjusted  for  effects  of  engine  mul¬ 
tiplicity.  The  actual  values  selected  nave  little,  if  any,  bearing  on 

the  final  comparative  ratings. 


The  encounter  kill  probabilities  for  each  aircraft  engine  are  found  using  the  equation 


P 


K  = 


nA 


2  rrcr 


(103) 


The  calculations  are  shown  in  Table  XLf. 


The  kill  probability  of  the  entire  propulsion  system  of  an  aircraft,  Py,  is  given  by  the  first 
(r  »  $  +  1)  terms  of  the  binomial  expansion . 


(104) 


where 


r  «  number  of  engines 
s  =  number  of  engines  out  for  aircraft  loss 


In  the  case  of  aircraft  having  4  engines,  the  kill  probability  of  the  entire  propulsion  sys¬ 
tem  of  each  type  is  given  by  the  kill  probability  for  the  left  engines  plus  that  for  the  right 
engines,  both  as  determined  by  the  above  expansion-  In  the  case  of  the  VTOL  aircraft, 

the  kill  probability  of  the  entire  propulsion  system  is  given  by  the  kill  probability  for  the 
left  main  engines  plus  that  for  the  right  main  engines  plus  that  for  the  control  engines. 


The  calculations  are  presented  in  Table  XL II . 


Total  Vulnerability  -  The  relative  vulnerability  factors  are  multiplied  together  to  obtain 
the  fi  rial  vulnerability  index  for  each  aircraft.  The  results  are  summarized  In  Table  XL  III . 


it  is  seen  that  the  C-130  is  by  far  the  least  vulnerable  of  any  of  the  aircraft  considered. 
The  C-141  and  the  C-5  are  about  2  and  3.5  times,  respectively,  more  vulnerable  than 
the  C-130  because  of  their  larger  engines.  Note  that  the  engine  multiplicity  calcula¬ 
tions  magnify  the  differences  that  oxist  in  the  average  presented  vulnerable  areas  of  the 
engines.  Helicopter  (A)  is  about  12  times  mere  vulnerable  than  the  C*  530,  and  Helicop¬ 
ter  (B)  22  times  more  vulnerable.  Helicopter  (C)  is  somewhat  more  vulnerable  than  the 
other  helicopters  -  about  30  times  more  vulnerable  than  the  C-130.  The  VTOL  aircraft 
has  high  vulnerability — almost  25  times  as  great  as  the  C-130.  In  addition,  it  is  obvi¬ 
ous  that  the  relative  vulnerability  of  V'fOl.  (2),  the  Direct  Lift  VTOL,  would  be  consid¬ 
erably  higher  because  of  its  20-engined  configuration . 
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TABLE  XLS 

ENCOUNTER  KFLL  PROBABILITIES 
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Dependability 


Analysis  involving  fleets  of  aircraft  and  associated  systems  must  include  some  measure  of 
the  availability  of  the  aircraft  and  the  reliability  of  both  the  aircraft  and  associated  sys¬ 
tems.  These  have  been  combined  into  one  term-dependability.  As  used  herein,  reliabil¬ 
ity  refers  to  the  percentage  of  times  used  during  a  ten  hour  day's  operation  that  a  piece  of 
equipment,  whether  aircraft  or  retrieval  system,  successfully  completed  its  mission.  Air¬ 
craft  availability  is  the  percentage  of  aircraft  that  were  ready  for  use  at  any  time,  and  as 
such  reflects  maintainability. 

The  reliability  and  availability  factors  are  based  upon  actual  values  determined  by  service 
operation.  When  such  data  were  not  available,  estimates  were  made  based  upon  design 
specifications  and  requirements  extant  for  such  types  of  aircraft. 

Lockheed  experience  with  the  Fulton  retrieval  system  has  shown  a  reliability  of  97% 
which  includes  missed  passes  and  balloon  breakage.  The  Fulton  system  Is  man-rated 
whereas  the  system  selected  for  analysis  is  for  cargo  only.  Accordingly,  the  reliability 
of  the  recommended  system  has  been  estimated  to  be  0.875.  It  is  emphasized  that  the 
total  system  dependability  for  CTOL  aircraft  incorporating  retrieval  systems  is  obtained 
from  tne  product  of  airplane  dependability  times  retrieval  system  reliability. 

Cost 


Analysis  of  the  cost  aspects  of  the  systems  comparison  required  a  consideration  of  those 
costs  which  occurred  as  a  result  of  the  mission.  The  foliowing  costs  were  considered: 


o  Procurement 
o  Operation 
o  Maintenance 
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need  for  analysis  of  procurement  costs.  The  operating  costs  are  those  which  directly  result 
from  performance  of  the  mission.  The  maintenance  costs  are  those  which  accrue  as  a  result 
of  operation  of  the  aircraft.  The  results  of  the  cost  analysis  are  tabulated  in  Table  XLIV 
and  a  detailed  discussion  of  these  costs  follows. 


Procurement 

Inasmuch  as  the  evaluation  of  the  retrieval  concepts  Is  a  relative  one,  an  arbitrary  sum  of 
$100,000,000  was  allocated  for  procurement  of  each  type  of  airplane.  The  total  price, 
less  amortized  RDT&E  retrieval  system  costs,  was  divided  by  the  unit  production  cost  of 
each  particular  aircraft.  The  unit  prices  for  Lockheed  airplanes  are  based  upon  the  pre¬ 
dicted  price  for  construction  of  one  airplane  estimated  to  be  in  effect  after  completion  of 
present  contractual  commitments.  The  unit  production  prices  for  the  helicopters  am  based 
upon  data  tabulated  in  Reference  31 .  Prices  for  VTOL  aircraft  were  derived  from  recent 
VTOL  design  studies  by  Lockheed. 

The  concept  of  retrieval  by  CTOL  aircraft  "on  the  fly"  requires  development  and  procure¬ 
ment  of  equipment  In  addition  to  the  aircraft.  In  order  to  impartially  amortize  RDT&E 
costs  of  this  additional  equipment,  the  costs  were  divided  among  the  three  types  of  CTOL 
aircraft  in  proportion  to  the  numbers  of  a  particular  CTOL  aircraft  to  the  total  number  of 
CTOL  aircraft  procured.  The  number  ©f  aircraft  procured  for  $100  million,  including  the 
additional  equipment  RDT&E  costs  amortized  for  the  CTOL  aircraft,  is  listed  in  Table 
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XII V.  The  retrieval  system  reusable  equipment  cost  was  considered  to  be  negligible  In 
comparison  with  the  aircraft  costs  and  was  not  included. 


Operating  costs  consist  of  crew  costs  and  fuel  costs.  These  costs  are  the  operating  costs 
required  to  meet  the  situations  as  described  in  the  scenarios.  To  accomplish  the  pre- 
scribed  missions, ,  the  aircraft  utilisation  Is  assumed  to  be  ten  hours  per  clay  with  mainten¬ 
ance  deferred  until  completion  of  the  mission. 


Crew  Costs  -  The  crew  costs  are  dependent  ort  the  crew  complement  for  the  different  air** 
craFTuh^er  consideration.  The  annual  crew  caste  Is  obtained  by  adding  the  annual  salary 
of  all  officers  and  the  annuo!  salary  of  di  crewmen  on  on  airplane  and  multiplying  this  by 
the  number  of  crews  assigned  to  an  airplane,  For  on  annual  average  officer's  salary  of 
$11/100  and  an  average  annual  crewman's  salary  of  $42Q0,  the  annual  cod  per  airplane  Is 
$1 1  , 100  n0  +  4200  no-  where  n0  is  the  number  of  officers  and  na  h  the  number  of  crew¬ 
men  in  one  crow.  The  number  of  flying  hours  per  day  for  the  crew  Is  taken  us  the  same  as 
the  number  of  flying  hours  for  the  aircraft/  e,g,  10  hour®  per  day.  For  an  overage  of  1,5 
crews  per  airplane,  the  hourly  crew  cost  In  dollars  Is  as  follows/ 

<^-1.5(11,100  "a  +  4200  nj/  (1 0)(30><1 2)  *  (55.5  n<>  +  21  r^l/12  (105) 


Fuel  Coats  -  Fuel  cost  estlmotas  are  dependent  on  the  type  of  mission  flown,  It  Is  assumed 
fHanhe'use  of  the  atrpiano  is  equally  divided  between  trio  two  types  of  missions  outlined  In 
the  scenario.  Thus,  one-half  of  the  usrjge  h  In  short  range  mlsslom  of  50-mllo  radius  and 
one-half  <n  ml  w  ora  of  ow-mlto  radius.  These  are  taken  c»  the  typical  use  of  the  airplane, 
with  the  exception  of  he (1  copters,  which  are  used  for  short  iai.gn  missions  only.  For  these 
missions,  the  fuel  consumption  per  mission  end  the  operating  !me  of  the  engines  per  mission 
is  determined  so  that  the  Fuel  consumption  per  ©nglne  as  a  luuoticn  of  operating  time  is 
known.  The  fraction  of  the  operating  time  of  the  engines  for  the  total  mission  time  Is  deter¬ 
mined  front  a  tint©  analysis  of  the  clrarafr  and  the  missions.  The  cost  of  fuoi  is  taken  as 
$0,013  per  pound.  Therefore,  fuel  cost  in  dollars  per  hour  for  CT'OL  and  VIOL  aircraft 
Is  cos  fallows 


CFH«0.0iSf,  (T1„1)/(2tm,)'t'F,CtmJ)/(2t„„) 


(t  04) 


where 

F$  *»  Pounds  of  fuel  used  In  short-range  mission 
t  ®  Time  for  short-range  mission 

ill# 

T  m  Engine  operating  time  per  mission  time  for  short-range  mission 
«  Pounds  of  fuel  used  in  long-range  mission 
*m]  51  hw  long-range  mission 

T-  |  m  Engine  operating  time  per  mission  time  for  long-range  mission 
The  fuel  cost  In  dollop  per  hour  for  helicopters  is 


C*- 0.015 
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Retrieval  Syatem  Cos  is  ~  Operation  of  the  retrieval  system  itself  generated  some  costs  which 
arTITvcTTr^Tn  WeFolal  operating  cmt  for  CTO!  systems.  The  tint  cost  is  the  expanse  of 
the  helium  from  Hie  broken  balloon.  The  second  is  the  expense  of  JAFG  bottles  which 
could  poswbiy  be  used  In  conjunction  with  the  system  when  the  0*130  Is  the  Cl 01  air¬ 
plane  utilized.  The  total  system  operating  cost  as  a  function  of  mission  radios  hi  graph- 
sc  ally  presented  in  Figure  120. 

Helium  Cost  -  To  determine  the  helium  cost  per  balloon/  the  balloon  size-  hod  to  be  uafav 

nVUMWMMWt  W  W»» 

lated. 

In  a  1 0/ 000-pound  payload  the  pickup  line  was  assumed  to  be  capable  of  a  51  g  ioading. 
Using  a  safety  factor  of  two,  a  fine  capability  of  60,000  pounds  is  required.  The  appropri¬ 
ate  nylon  line  weighed  0.5  pounds/ foot.  Thus  for  a  400-foot  line,  the;  balloon  is  required 
to  support  200  pwnds  of  line  weight.  To  reduce  gust  effects,  the  lift  of  the  balloon  svm 
Increased  by  25  percent  fa  250  pounds. 

The  balloon  volume  In  terms  of  its  lifting  fo'co  is  given  in  Reference  27  by  the  equation} 

F  ■  0.066  V  -  0.219  \/2/'Z  (100) 

Z 

where  V  “  balloon  volume,  ft 
F  “  lifting  force,  lb 

For  a  volume  of  4750  ft'"',  a  helium  density  of  0,0114  lb/ft^  and  a  cost  of  $2, 50/lb,  the 
cost  of  helium  per  balloon  is  calculated  to  be  $132,50, 

jATO  Cost  -  Tho  C-130  was  designed  so  that  If  could  us©  &  JATO  Boosters  of  1000  pounds 
thrust  (15  sec.)  each.  The  cost  of  a  JATO  Booster  and  its  igniter  Is  given  as  $325  by  the 
Lockheed  Purchasing  Department. 

Maintenance  Costs  -  Maintenance  costs  ore  divided  into  airframe  maintenance  and  engine 

maintenance.  Each  of  tl.es©  is  further  divided  Info  labor  and  material.  For  purposes  of 
cost  comparison,  the  maintenance  costs  arc  based  on  Reference  32  by  the  Air  Transport  As- 
sociaflon  (ATA), 

To  obtain  the  airframe  labor  cost  per  flight  hour,  thealrframe  labor  hours  par  flight  hour  as 
given  by  an  ATA  formula  are  multiplied  by  the  labor  rate  which  Is  taken  as  $3,00  (w  hour, 
A  burden  factor  of  87  percent  is  also  Included  In  the  ATA  estimates.  Tho  airframe  labor 
cost  Is  given  by  : 


where 


Cu  *  (1 ,03)(1 .87) (3, 00) (3.0  +  0.067  Wa/!000) 

W  01  empty  weight  of  dr  plans  lew,  engines 
(1.03'  labor  non-re  venue  factor. 


To  obtain  the  total  airframe  material  cost  per  flight  hour,  a  materia!  burden  factor  of 
23,3  percent  Is  included  in  the  estimate  of  airframe  material  cost  per  fltglu  hour  given 
by  tho  ATA  formulas 

Cma  -  0.03)0.233)  2,5 +7.2C  /106) 
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Figure  120  “  Refrlevd  S yrt&m  Qpwatiny  Cwt» 
Helium  orra  JATO  Ewpeme 
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M  Cost  of  airplane  !©«s  engines 
(1,03)  “  Molwfcsl  non-rcvem/e  factor. 

Engirt©  labor  costs  depond  on  the  typ®  of  engine.  To  obtain  the  engine  labor  cost  per 
©riuiiie  per  opera  ring  hour/  m©  angina  labor  hours  per  engine  per  operating  hour  are 
mulfi  piled  by  the  labor  rate,  burden  foe  for,  and  labor  non-revenue  factor, 

For  a  torbofef  or  turbofan,  tb©  labor  cost  per  engine  per  operating  hour  equation  as  given 
by  the  AT  A  Is  as  folloMt 

CLE  *  <1.03)0  *87X3.00)  ffo.718 +0.0317  T/1000)(1100/Heo) +0,iq]  (111) 

where 

T  25  Engine  ilnrutt  af  sea  level,  standard  day,  uninstalled 
H  *»  Mean  time  iUiween  overhauls. 

For  turboprop  engines,  the  engine  labor  cost  per  engine  per  operating  hour  Is  given  by 
the  AT  A  formula* 

C,P  »  (1.03)0. 87) (3. 00)  f(0. 4956  +0.0532  BSHP/1 000)0 100/H  ) +0.10*1 

u  eo  ^  j2) 

whem 

E$HP  *  Takeaff  equivalent  shaft  horsepower, 

In  the  ATA  formula  for  the  total  engine  material  cost  per  engine  per  operating  hour,  the 
material  burden  factor  of  23,3  percent  and  the  material  non-revenue  factor  of  1.03  are 
Included, 


Therefore,  me  engine  material  cosf  Is  given  by; 

CMp  "  0. 03)0.233X81. 43  Cg/106  ~  0.47)/(0.021  H0O/1OO  +0.767)  (113) 


where 


Ce  ~  Cost  of  (f/nglno, 

t 


Whan  using  CTOK  aircraft  or  helicopters,  the  engirt©  maintenance  costs  are  obtained  sim¬ 
ply  by  multiplying  Cj  g  and  C^g  times  the  number  of  each  type  of  engine.  When  using 

VTOI.  aircraft,  the  time  of  use  of  each  type  of  engine  Is  also  taken  Into  account.  The 
total  hourly  maintenance  co-si  for  a  fleet  of  N  aircraft  isj 


CM  “  N  [CU  +CMA  "I  Pi  <CME  +  CLE>J 


Vi  «  jv 

t,t  i*?/ 


where 

iL 

rtj  -«  Number  of  engines  of  the  1  type  per  aircraft 

th 

Pj  »  Pe.centogc  of  time  that  lrn  type  engine  Is  used. 

{Jy  combining  the  crew  cost#  fuel  cost,  and  total  maintenance  cost,  the  hourly  oporev- 
tlonal  cost  for  a  f1e®t  of  N  aircraft  Is  obtained. 
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Cost'  Effect!  veness 


The  results  of  lho  Retrieval  Effectiveness  and  Cos!  Analyses  have  been  combined  to  provide 
u  measure  of  cost  effectiveness,  The  ratio  of  Retrieval  Effectiveness  to  Cost  as  a  function 
of  Mission  Radius  Is  presented  in  Figure  121,  This  is,  in  effect,  a  plot  of  tonnage  retrieved 
or  delivered  per  unit  cost  as  a  function  of  distance  transported. 

These  data  indicate  that  the  C-130  airplane  using  a  retrieval  system  is  op  mum  when  oper¬ 
ated  In  the  manner  suggested  by  the  postulated  scenarios.  The  C-130  system  is  capable  of 
retrieving  9  times  the  tonnage  per  unit  cost  of  the  best  helicopter,  and  twenty-eight  times 
the  tonnage  of  the  second  best  ho  I  i  copter. 

The  C-130  system  had  the  added  advantage  of  being  able  to  perform  longer  range  retrieval 
missions  than  the  helicopters. 

The  C**14'l  and  05  systems  did  not  perform  well  In  comparison  to  the  C-130  system  and  the 
helicopter.  This  was  expected  because  of  the  severe  penalty  imposed  by  limiting  the  re¬ 
trieval  load  td  10,000  pounds  which  is  considerably  below  their  capabilities.  The  low  pro¬ 
ductivity  of  the  VTOL  aircraft  was  due  to  the  high  Initial  and  operating  expenses  of  the 
aircraft  and  the  high  vulnerability. 

While  the  resuits  of  this  analysis  are  indicative  of  the  desirability  of  additional  research  and 
development  of  a  retrieval  system,  it  should  be  noted  that  several  prime  factors  have  been 
neglected  duo  to  the  scope  o?  the  analysis.  This  analysis  has  assumed  the  availability  on 
the  site  of  the  necessary  retrieval  systems  end  its  component*,  and  no  account  has  been 
made  of  the  cost  of  transport  of  suen  a  system  to  the  tneater  of  conflict.  Problems  associ¬ 
ated  with  storage  have  also  been  neglected. 


The  analysts  presumed  air  superiority  'n  the  areas  of  retrieval  and  delivery  as 
the  corridor  of  flight.  The  relative  vulnerability.  If  such  were  not  the  case, 
a  significant  effect  on  the  result*  Indeed,  it  seems  logical  that  the  tactical 
Scenario  B  would  bo  a  result  of  a  lack  of  air  superiority. 


well  as  In 
would  have 
situation  of 


No  account  lias  boon  made  of  the  types  and  sizes  of  payload  to  be  retrieved.  Nor  has  any 
consideration  been  made  of  priorities  which  might  be  assigned  if  the  analysis  had  included 
transport  of  specific  items  of  equipment  associated  with  a  specific  Army  unit. 
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IV.  CONCLUSIONS 


AERIAL  DELIVERY 

Unless  otherwise  no'.ftd,  the  following  study  conclusions  pertain  to  unit  loads  of  equipment 
weighing  from  35,000  to  70,000  pounds,  and  to  both  the  C-i4l  and  C-5A  aircraft. 


1,  Sessd  upon  preliminary  Stability  and  control  studies,  Including  consideration  of  air¬ 
craft  flight  and  ramp  loads,  the  aerial  delivery  of  these  heavier  payloads  from  either 
aircraft  Sft  feasible. 

2,  The  most  promising  aerial  delivery  systems  for  these  heavier  loads  employ  conventional 
extraction  parachute  techniques  to  extract  the  cargo  from  the  aircraft  In-flight. 

3,  The  most  promising  aerial  delivery  systems  were  determined  In  this  study  to  be  those 
which  used  either  the  extraction  parachutes  or  reefed  main  parachutes  to  achieve 

a  high  payload  descent  velocity. 

4,  Recovery  of  the  payload  from  descent  velocity  to  ground  Impact  velocity  Is  best  ac¬ 
complished  with  a  modular  rocket  motor  package  from  an  altitude  of  approximately 
200  feet,  or  by  dls-reeflng  main  parachutes  at  an  altitude  of  approximately  450 
feet. 

5,  The  plastic  deformation  of  paper  honeycomb  1#  found  to  be  optimum  for  Impact  energy 
ah*orpffon  with  the  heavier  load*  of  this  study.  This  conclusion  Is  based  upon  recom¬ 
mended  delivery  altitudes  for  the  study  aircraft  as  well  as  properties  of  the  Impact  ve¬ 
locity  dissipation  system,  Including  Its  weight,  sensitivity  to  system  performance  vari¬ 
ations,  load  Impact  attitude,  cost,  end  height  of  stroke. 

6t  Minimum  load  extraction  altitude  for  an  aerial  delivery  system  employing  extraction 
parachutes  for  descent  end  rocket  motor*'  for  deceleration  In  the  recovery  phase  Is 
approximately  700  feet, 

7,  Cargo  landing  point  scatter  Is  reduced  with  an  extraction  parachute  descent/rocket 
recovery  technique  In  comparison  with  a  conventional  airdrop  technique,  for  all  load 
extraction  altitude#  from  1 ,500  to  30,000  feet. 

8.  Minimum  load  extraction  altitude  for  an  aerial  delivery  system  employing  main  cargo 
parachutes  for  load  deceleration  In  the  recovery  phase  Is  approximately  1200  foot, 

fc  Cargo  landing  point  scatter  Is  reduced  with  a  reefed  snaln  parachute  descent/! gw 
altitude  dls-reef  technique  In  comparison  with  a  conventional  air  drop  technique,  for 
all  load  extraction  altitudes  from  1,500  to  30,000  feet, 

10,  An  extraction  parachute  descent/rocket  recovery  technique  has  a  reduced  landing 
point  scatter  In  comparison  with  a  reefed  main  parachute  descent/low  altitude  dls- 
reef  technique  for  all  load  extraction  altitudes  above  1200  feet, 

IV.  In  high  wind  conditions,  load  fumbling  following  cargo  Impact  Is  less  frequent  with 
the  extraction  parachute  descent/ rocket  recovery  system  than  with  the  nystem  employ¬ 
ing  main  cargo  parachutes  to  recover  th^  loud. 


12,  The  feasibility  of  performing  aerial  delivery  of  these  heavier  loads  by  ground  proxim¬ 
ity  parachute  extraction  depends  upon  the  behavior  of  large  43-foot  single  and  paired 
extraction  parachutes  during  deployment,  inflation,  and  tow,  while  in  ground  effect. 
Detailed  theoretical  and  wind  tonne!  model  testing  is  required  to  establish  the  validity 
of  this  technique  for  heavier  loads, 

13,  Based  upon  the  requirement  for  clusters  of  from  four  to  eight  main  cargo  parachutes 
to  effect  the  recovery  of  these  heavier  loads,  and  in  consideration  of  extraction 
parachute  entanglement  and  uneven  loading  with  extraction  parachute  clusters  larger 
than  two,  the  technique  of  cargo  extraction  by  reefed  main  recovery  parachutes 
does  not  show  feasibility  in  this  study. 

14,  The  capability  for  aerial  t  -ds very  of  heavier  loads  from  rear  loading  cargo  olrciaft 
Is  enhanced  by  delivery  systems  which  offer  the  maximum  of  simplicity  and  a  mini¬ 
mum  of  weight  and  volume  requirements.  These  system  characteristics  are  generally 
exhibited  by  systems  which  have  simple  and  direct  load  paths  for  the  action  forces, 
along  with  rapid  and  automatic  deployment  of  retardation  device*.. 

GROUND-TO-AIR  RETRIEVAL 

Unless  otherwise  noted,  the  following  study  conclusions  pertain  to  unit  loads  of  equip¬ 
ment  weighing  from  3,000  to  10,000  pounds,  and  to  ill©  C-130,  C-141,  and  C-5A  -V- 
cr*  v 


Conclusions 

1 .  Based  upon  preliminary  stability  and  control  studies,  including  consideration  of  air¬ 
craft  flight  loads  and  available  excess  aircraft  thrust,  the  ground-to-air  retrieval  of 
these*  heavier  loads  by  ail  three  aircraft  using  the  recommended  system  is  feasible. 

The  most  promising  ground-to-air  retrieval  system  for  these  heavier  loads  employs  a 
500  foot  high,  helium  filled  balloon  station  to  support  the  load  retrieval  line,  which 
Is  engaged  by  on  aircraft-installed  hook  and  cable  system, 

3,  Those  heavier  load*  should  be  towed  behind  rather  than  taken  aboard  the  retrieval  air¬ 
craft, 

4,  The  most  promising  technique  for  re-deployment  of  these  heavier  loads  is  one  which 
allows  the  load  to  be  released  by  radio  frequency  signals  and  provides  for  load  re¬ 
covery  by  main  descent  parachutes. 


APPENDIX  A*  AIRCRAFT  LIMITATIONS 
General 


The  capability  ©f  the  cargo  aircraft  to  meet  demands  Impend  In  delivery  and  retrieval  of 
large  cargo  payloads  Is  an  important  consideration  In  this  study.  The  rnomenfe#  loads# 
and  accelerations  applied  to  the  aircraft  must  be  examined  In  terms  of  their  effect  on  air- 
craft  stability  and  control#  load  factor  limitations  and  thrust  horsepower  required  and  avail¬ 
able.  Other  considerations  are  those  of  aircraft  cargo  compartment  dimensions#  and  ramp 
loads. 

More  specifically#  aircraft  stability  and  control  must  be  considered  due  to  lurge  changes 
in  externally  applied  forces  and  moments*  It  Is  necessary  to  determine  the  adequacy  of 
the  aircraft  err-'  a  I  system  with  regard  to  minimizing  tho  peak  normal  acceleration  so 
that  the  aircraft  limit  load  factor  Is  not  exceeded.  In  omargency  jettison  using  a  gravity 
technique,  sufficient  pitch  control  must  be  available  to  offset  the  pitching  moment  due 
to  the  extreme  aft  drop  cargo  position. 

An  adequate  opening  must  be  available  at  the  payload  tip*  ovsr  the  ramp  Up  during  extrac¬ 
tion  to  avoid  physical  interference  of  the  payload  with  th©  aircraft#  and  the  ramp  must  be 
capable  of  withstanding  the  applied  loads. 

During  retrieval!  operations#  the  excess  thrust  available  must  exceed  the  drag  of  the  trail¬ 
ing  cargo,  and  sufficient  elevator  control  must  be  available  to  offset  pitching  moments 
generated  by  the  retrieved  cargo. 

Candidate  aircraft  were  examined  with  regard  to  the  above  factor*  and  In  all  cases  lighter 
aircraft  proved  to  be  more  critical  than  heavier  aircraft. 

The  folbwlng  paragraphs  present  the  critical  analyses  performed  for  aerial  delivery  and 
aerial  uMeval  operations#  dong  with  basic  aircraft  performance  data  used  In  the  analy¬ 
se#. 


Aortal  Ddlvery 

The  C“$A  and  th©  0141  wore  examined  with  respect  to  the  extraction  piiese  of  aerial  de¬ 
livery,  Results  Indicated  that  th®  C“5A,  due  to  Its  size#  showed  very  little  reaction  to 
the  extraction  of  cr  70,000  pound  cargo,  Th*  0141#  however,  was  shown  to  b§  mor© 
critical.  Therefore,  analytes  of  the  remaining  phases  of  aerleif  delivery#  emergency  Jet¬ 
tison  and  ramp  cargo  tip-off#  were  restricted  to  the  0141  aircraft# 

The  following  pa  ^graphs  present  a  discussion  of  the  analyse#  conducted  and  the  pertinent 
results. 

Extraction  ■»  O' 141  and  P6 

For  aircraft  using  aft  end  cargo  extraction#  the  criteria  and  posfowianc*  requirements  for 
th#  extraction  system  are  established  from  consideration  of  fn#  uli’eraft  stability  and  con¬ 
trol  characteristics.  The  limiting  factor  Is  th*  magnitude  of  the  flight  load  factor  exper¬ 
ienced  by  the  aircraft  during  extraction  of  the  oergo.  A#  the  cargo  moves  rearward#  the 
aircraft  Is  disturbed  In  Hie  pitch  mode.  The  Increase  in  angle  o'  attack  results  In  an  In¬ 
creased  load  factor.  For  a  specific  aircraft  end  cargo#  the  cargo  extraction  speed  end 
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total  extraction  time  must  be  such  that  the  pitching  moment  Impulse  created  does  not  re¬ 
sult  in  an  excessive  load  factor.  Since  the  cargo  extraction  speed  and  extraction  time 
are  direct  results  of  the  extraction  force  applied  to  the  drop  cargo,  the  ratio  of  the  ex¬ 
traction  force  to  the  cargo  weight,  the  extraction  load  factor,  becomes  the  critical  de¬ 
sign  factor* 

When  higher  extraction  load  factors  are  used,  the  cargo  moves  rearward  and  out  faster, 
the  aircraft  is  less  disturbed  in  pitch  and  the  peak  aircraft  load  factors  ore  lower.  The 
converse  is  true  of  lower  extraction  load  factors. 

Another  important  factor  in  the  extraction  of  large  cargo  loads  is  the  force  exerted  by 
the  cargo  on  the  ramp  as  it  leaves  the  aircraft. 

Longitudinal  equations  of  motion  in  throe  degrees  of  freedom  were  developed  to  describe 
the  physics  of  the  extraction  operation.  The  equations  were  programmed  for  use  with 
the  analog  computer.  Figure  122  depicts  the  reference  axes,  forces,  moments,  and 
dimension  used  in  equations  to  follow. 

The  equations  used  in  the  computer  analyses  are  as  follows: 


£  Fx  ~  m^U  =  T  cosec  ^  -  WQ  slny-  D,  f  (  *  frj  )  +  rp  frl  “  T1  cos $  0 

IFz  “  *  %U y  =  -  TsincC  frl  +  Wa  COS  y  “  L'  f  (oC  frl  '  §*'  iT)  + 

F  ccs eft  jrj  +T|$inj3  (116) 

FM  =1  r  f(*  W)  +  M*  «  +M,  f(§  U  + 

—  eg  y  o,ct,  tri  v  ac.  e,  I 

F  (T^  $5n  0  )  •«  a  (Tj  cos  0)  (117) 

F  ~  W  cos  9  +  m  UYcosCZ  f  j  -  m  9  *  -  rn  x  Q  (1 18) 

p  Ci  C  '  ■  C  C  C  C 

These  equations  were  also  used  to  determine  the  aircraft  reaction  due  to  a  vertical  gust. 
Vertical  gusts  cause  changes  in  the  angle  of  attach  such  that: 

CC  r=  ClC  +  OC  (1191 

tot  frl  gust  [lU) 

Where  oc  o  it  A 

*  - - Li22-L  (  1  -  cos  lE±  )  (120) 


U  ~  Forward  acceleration  of  A/C 

T  =  Power  Plant  Thirst 

Tj  =  Line  Tension  or  Extraction  Force 

0  =  Angle  of  Tj  with  horizontal  (down  positive) 

ly  =  horizontal  tail  incidence  angle 
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Data  computed  on  aircraft  ioad  factors  experienced  for  various  flight  conditions  and  ex¬ 
traction  load  factors  are  presented  in  Figures  123  through  126.  With  regard  to  each 
figure,  the  abscissa  is  calibrated  in  terms  of  drop  cargo  weight  and  the  ordinate  in  terms 
of  flight  load  factor.  Solid  lines  representing  specific  extraction  load  factors  show  the 
variation  in  aircraft  load  factor  with  cargo  weight.  The  dashed  line  represents  the  air¬ 
craft  limit  load  factor  of  2.5  g.  Data  are  presented  for  0,  10,  and  30  fps  gust  conditions 
at  airspeeds  of  130  and  150  knots. 

Note  that  the  C-5  experienced  no  load  factor  approaching  the  limit  throughout  the  range 
of  variables  investigated. 

With  an  airspeed  of  130  knots  the  C— 141  reached  the  limit  load  factor  of  2.5  at  the  10 
fps  gust  condi tionswith  a  0.5  extraction  lead  factor  and  a  drop  load  of  48, 000  pounds. 
With  an  airspeed  of  150  knots,  the  limit  load  factor  was  experienced  for  a  drop  ioad  of 
35,000  pounds  with  the  same  extraction  load  factor  and  gust  velocity.  The  30  fps  gust 
condition  caused  tiv*  rimit  ioad  factor  to  be  exceeded  for  all  investigated  combinations 
of  drop  coTgo  weight  and  extraction  load  factors. 


The  analog  data  presented  in  Figures  123  through  126  are  for  only  two  aircraft  speeds. 
It  is  desirable  to  extrap-'*'  .  this  data  to  determine  the  extraction  load  factors  appli¬ 
cable  to  the  full  range  o.  .craft  speeds  of  interest. 


The  following  procedure  affords  a  reliable  and  conservative  method  for  extrapolation 
a*  the  data.  The  list  of  eymbols  used  In  the  following  analyses  are  defined  for  re- 
iWence: 


Notation 

II  r-  = 

r 

ftF 

*  mrts/ 
invir» 
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A^p  “ 

1  u 
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n  “ 
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WA  = 

W  ,  = 

V  “ 

V 
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s 

m 

c  = 


'*V 

>7 

cc 


Flight  load  factor 

Flight  ioad  factor/  design  limit 

Flight  load  factor  increment 

Flight  load  factor  increment  due  to  gust 

Flight  load  factor  increment  due  to  extraction  pitch  impulse 

Extraction  load  factor 
Airplane  gross  weight 
Drop  cargo  weight 
Extraction  floor  length 

Airplane  flight  speed 
Gust  velocity 
Wing  area 

Moment  reference  chord  length 
lift  curve  slope 
Moment  curve  slope 
Moment  of  inertia  about  pitch  axis 
Angie  of  attack 
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Figure  124  -  C-J  41  Vertical  toad  Factor  for  Aerial  Delivery* 
Equivalent  Airspeed  «*  150  Knot* 


Vertical  Load  Factor  Vertical  Load  Fcrfor  Vertical  Loed-Facfor 
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Figure  125  «  C*5A  Vertical-- Load  Factor  for  Aerial  M*v«ry 
Equivalent  Airspeed  <»  130  Knot* 
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A/C  moment  of  inertia 


•  • 

©  =  pitching  acceleration 

„  ~  aerodynamic  pitching  moment 

/v<0  =  Pitch  damping  moment 

6 

€  «  pitching  velocity 

~  angle-of-attack  damping  moment 

M,f  (§  ,  iy)  “  pitching  moment  as  function  of  elevator  deflection  and  horizontal  kail 
e  incidence  angle. 

*c  =  horizontal  distance  from  cargo  c.g.  to  A/C  r;.g» 
a  =  vertical  dist.  from  cargo  c.g.  to  a/c  stability  axis 

Analyses  were  performed  for  a  0*141  aircraft  weight  without  cargo  of  150,000  pounds  and 
for  a  G»5  weight  without  cargo  of  500,000  pounds.  Goth  aircraft  were  assumed  to  have  a 
center  of  gravity  at  25  percent  mean  aerodynamic  chord,  assuming  standard  day,  sea  level 
conditions.  The  cargo  densities  used  are  1250  pounds/feet  for  a  35, 000  pound  load,  1525 
pounds/feet  for  a  55,000  pound  load,  and  1/50  pounds/feet  for  a  70,0(50  pound  load. 
Considered  are  extraction  load  factors  of  .5,  1.5,  2.0,  and  3.0,  aircraft  speeds  of  130 
and  150  knots,  and  maximum  vertical  gust  speeds  of  0,  10,  and  30  feet  per  second. 

The  aircraft  pitching  moment  was  assumed  to  decrease  linearly  from  the  time  the  cargo 
center  of  gravity  passes  the  ramp  door  lip  until  the  end  of  the  cargo  clears  the  aircraft. 
Included  in  the  equations  Is  the  aircraft  response  to  vertical  gusts  having  a  l~cos  wave 
form*  This  wave  form  Is  programmed  so  that  the  most  adverse  conditions  exist  during  the 
drop.  Recent  parametric  studies  have  shown  this  to  occur  when  the  aircraft  is  ons-fourth 
the  way  through  the  gust  wave  length  at  the  fStri®  th©  ec^go  center  of  gravity  reaches  the 
romp  door  lip. 

Th©  aircraft  flap  and  power  settings  were  assumed  to  be  such  that  level  flight  was  obtained 
with  the  cargo  finer  level.  The  following  16  parameters  war®  recwJed  for  each  computer 
run:  pitching  acceleration;  pitching  velocity;  pitch  angle;  angle  of  attack;  lift  coeffi¬ 
cient  rate  of  change  of  flight  path  angle;  flight  path  angle;  ©levator  deflection;  forward 
acceleration;  forward  velocity;  altitude  change;  norma!  acceleration  change;  rate  of 
change  in  angle  of  attack;  cartp  platform  force;  pitching  moment  caused  by  aft  movement 
of  cargo;  and  th®  (i-eos)  gust.  Cargo  weight,  extraction  load  factur,.  maximum  gust 
tpeod,  and' aircraft  speed  were  varied. 

In®  program  was  run  for  both  stick  fixed  flight  and  for  flight  conditions  when  the  pilot 
uses  elevator  control  to  attempt  to  offset  the  unbalancing  pitch  moment.  Results  showed 
that  thi'bfghest  aircraft  load  factors  are  experienced  during  stick-fixed  flight  and  the 
hlgh^f  twp  platform  loads  are  experienced  when  elevator  control  Is  used.  Only  th® 
most  erltlool  dots?  I*  presented  In  the  following  material. 
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Subscti pis  1,2  refer  to  different  flight  conditions 

Permissible  flight  load  factor  increment  due  to  extraction  pitch  impulse  is 
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Pitching  moment  impulse  during  cargo  extraction 
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Extraction  floor  length 
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A  pitching  moment  Impulse  applied  to  a  system  possfcsslng  rotational  inertia  and  a  linearly 
restoring  moment  It  equivalent  to  an  Increment  of  angular  momentum  given  by 

Al»  *  |  .  <fc  (124) 


where  « 


For  the  same  system,  conservation  of  energy  requires  that 
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C  represents  ih®  rate  of  restoring  moment  with  angular  displacement  for  a 
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related  to  the  flight  load  factor  here/ 
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Substituting  from  CquaHon  121 
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Thl*  expression  correlates  the  required  extraction  load  factor  with  changes  m  flight 
speed  V,  drop  cargo  weight  W  and  extraction  floor  for  constant  gust  velocity  U. 

Figure  127  depicts  the  data  computed  using  Equation  (131)  above.  The  data  presented 
were  computed  using  the  limit  load  factor  of  2*5  for  th®  G*  141  and  considering  a  10 
fps  gust  condition.  The  moderate  gust  velocity  of  10  fps  was  selected  for  two  reasons: 
firstly  the  probability  of  occurrence  of  a  10  fps  gust  is  fairly  high  and  secondly*  the 
short  duration  of  the  catgo  extraction  period  (1-3  secs.)  makes  the  encounter  with  a 
higher  gust  velocity  during  the  critical  period  less  likely. 

Within  tfo<s  above  a»>.fitioints,  the  data  presented  represent  the  full  range  of  extraction 
load  factors  for  she  i.  Tgo  weights  and  aircraft  speeds  considered. 

Figures  128  through  13;  present  the  ramp  loading  experienced  by  the  0=5  and  C-141 
during  the  extraction  operation. 

Note  that  the  C-5  limit  ramp  load  Is  not  exceeded  in  any  of  the  conditions  Investi¬ 
gated. 

The  0*141  ramp  platform  limit  load  Is  exceeded  for  both  the  10  fps  and  30  fps  gust  con¬ 
ditions*  at  an  airspeed  of  150  knots  and  an  extraction  load  factor  of  n  «*  0.5. 

it  is  concluded  then  that  for;  the  extraction  phase  of  aerial  dollvery  the  only  limiting 
conditions  occur  for  the  0*141  aircraft  In  high  gust  conditions  when  low  extraction* 
load  factors  aw  us«d. 

Gravity  Emergency  Cargo  Jettison 

rnrntmmmu  HMinauMnMMMM  UMWMMNMiniHi 

A  study  was  conducted  to  determine/  th@  emergency  cargo  jettison  capability  of  the  C-141 
aircraft  i  tlng  gravity  to  provide  th©  exfiwflfaro  forces.  This  capability  Is  desirable  In 
certain  ©morgency  situations  such  as  eng  foe  -nut,  insufficient  fuel#  airframe  damage# 
cr  In  the  oamo  of  extraction  system  falter®  or  malfunction. 

In  technique*  tfie  aircraft  pitches  up  alfowlng  gravitational  acceleration  to  pull  the 
cargo  out*  Th®  amount  of  pfteb»up  allowed/  for  the  technique  is  dependent  on  the  air- 
stpuwVulM®  fh©  ssitio  of  the  step  hi  nJreswfff  flight  load  footer  with  change  *n  angle 
of  afteik  Inanam  with  olmpaadt  Uslfi®  £«5  as  a  maximum  load  footer#  an  analysis  was 
perfoiwd  te  wHmln®  the  maximum  inareaM}  In  angle  of  atfack#  &  <*  *  which  could 
m  altewod  for  mmh  aimmd  end  the  rMultfng  umartlng  pitching  moment  ©n  the  air¬ 
craft  In  terms  of  «i  pitehmg  moment  ©wsfffotent  &  <2^*  The  analysis  was  jimrfermed  for 
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Figure  132  presents  the  result  of  the  analyses.  Note  that  os  airspeed  Is  increased  the  up¬ 
setting  moment  coefficient  ACm  on  the  aircraft  decreases  and  that  ACm  is  lower  for 
the  lower  cargo  weights. 

The  near  horizontal  dashed  line  represents  the  elevator  power  available  to  counteract  the 
A  Cm  caused  by  the  gravity  extracted  cargo.  This  elevator  power  is  presented  also 
as  a  to  the  cireraft.  For  the  elevator  analysis/  the  trimmed  elevator  for  each 

flight  condition  was  determined  and  the  A  Cm  available  Is  that  resulting  from  movement 
of  the  elevator  from  the  trimmed  position  to  the  position  of  maximum  deflection.  For  the 
range  of  variable*  considered,  the  ACm  available  from  the  elevator  is  a  fairly  con¬ 
stant  value  of  z'-'  0,52. 

The  significant  result  of  the  analysis  Is  that  gravity  emergency  cargo  jettison  Is  possible 
for  only  a  limited  range  of  variables.  The  solid  lines  presented  In  Figure  132  represent 
conditions  under  which  gravity  jettison  may  bo  used, 

A  35,000  pound  cargo  can  be  jettisoned  in  this  manner  at  speeds  of  from  166  knots  to 
200  knots,  A  50, Gw  pound  cargo  may  be  jettisoned  at  speed*  from  191  knots  to  200 
knots.  The  applicable  extraction  load  factors  for  the  above  conditions  are  presented 
also  In  Figure  132  represented  by  the  lower  solid  lines. 

It  Is  concluded,  therefore,  that  gravity  emergency  cargo  jettison  can  be  considered  for 
lov/er  weight  cargo  loads  but  is  marginal  for  higher  weight  drop  cargo, 

Ramp  Cargo  Tip-Off  Analysis 

A  mathematical  analysis  was  made  of  cargo  dynamics  during  a  parachute  extraction  opera¬ 
tion.  By  assuming  a  uniform  cargo  density,  the  equations  of  motion  were  mad®  Indepen¬ 
dent  of  cargo  weight.  It  was  assumed  that  the  cargo  motion  would  be  translational  and 
rotational  In  a  vertical  X  •  %  plane.  Figure  .133  diagrams  the  forces  applicable  In  this 

analysis, 

Th#  governing  equations  are  as  follows 

Summing  translational  forces  In  the  horizontal  (x)  direction  gavei 

■  nft  •  W  *  F  p  cos^  +  F^  slncj^-  -  x  »  0  (132) 

Similarly  for  the  *  direction* 

■  W  ®  Pp  sin  <f>  -  F^  coi  0  -  -  x  *  0  (133) 


Summing  the  momenta  about  the  center  of  gravity  of  the  cargo  gave  the  rotational  equa¬ 
tion  an 
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Figure  132  -  Performance  Characteristic*  for 

Gravity  Emergency  Cargo  Jettison 
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k  r  x  -  xp  k  . 

"  "*  ns  W  M  «—--»»»  *»  tan  <Cp  + 
*-  cos  d 


|  )  *\ncj>“  ^  -b»  k2  »0 

*  -.10 


(134) 


The  force  exerted  by  the  romp  on  the  cargo  was  assumed  proportional  to  tf>e  weight  of 
the  cargo  remaining  in  the  aircraft* 


Thus 


cos 


I  X  «*  Xc 

-  w  i  -  — L 


L  9 

Combining  (134)  and  (1351  produced 


(135) 


"5  {<X'XF)[-^+  I  ^-,an4l]+k?!^+[-^>+5  (/<  -  lan<t»3 

XWX 

-  n f(-— "  +  —  (c-  b  tan(p))  sm(k-  Tjn'h  cos (h  -  z  I  =0 
cos(jb  2  J  '  J 

Solving  (132)  and  (133)  for  the  accelerations  resulted  in: 


(136) 


n  *  9  + 


W 


g  (sir,  (p-  u  co?  (p  ) 


z  =  g 


B 

1? 

w 


g  (cos  -  (J.  sin  (£> ) 


(137) 

(138) 


Multiplying  (137)  by  (cos cf>  fj,  sin  p )  and  (138)  by  (sin  <p  -  }U  cos  p  )  and  then 
combining  gave: 


(„  .  *  )  .  (l-i)  E  cosf 

6  g  g  cosep-  &  sin  cp 


Substituting  the  above  into  (136)  resulted  In 


(139) 


f  *Sj 

<f  -  a  <1  -  I )  |<x-xF)  +  z  «  /[k2  +  z24  (x-xF)2] 

0  {_  r  s  cosCjp-^t  sin  j  ^  h 


(140) 
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Svbsti tullng  (140)  Into  (!37)  and  (138)  yielded 


x  = 


g  |  ne*»-  (I  ~  „ — L  £  )  (tan(j>~  [A) 


g^l-  (I - L  X )  (1  +  /.*  tan  d> )! 

9  ’ 


041) 

(142) 


The  effects  on  the  translational  and  rotational  motion  wore  determined  for  various  ex¬ 
traction  load  factors,  Initial  conditions,  and  attachment  locations  for  the  extraction 
lino  through  the  use  of  a  digital  computer*  Various  cargo  sizes  (from  7  to  9  feet  In 
slight;  from  20  to  48  feet  In  length)  wore  considered  for  extraction  load  factors  up  to 
1.0  and  for  extraction  attachment  points  over  the  height  range. 


The  angular  velocity  was  observed  to  increase  with  on  Increasing  extraction  application 
location  point  as  shew  ft  In  Figure  134.  This  Indicates  a  need  to  consider  the  point  of 
location  of  the  extraction  line  on  the  cargo  if  the  resulting  angular  velocity  is  a  matter 
of  concern. 


The  maximum  rise  of  the  upper  edge  of  the  cargo  was  Jess  than  two  inches. 

Thus,  it  Is  concluded  that  cargo  tipping  does  not  present  a  problem  In  aerial  delivery 
operations., 

The  following  symbols  were  usad  In  the  tip  off  analysis. 


Fx 


W 

Fe 


9 


4> 


x 


** 

z 


*T,y 

*F 

b 


c 


forces  In  X-d  (fraction 
extraction  factor |H 


extracting  force 


y  IVUW  TTViyfM 


payload  weight 
friction  force 

normal  force  of  ramp  on  cargo 
acceleration  of  gravity 
angle  of  rotation 
Acceleration  in  th«»  x-dlrectlon 
forces  in  indirection 
acceleration  In  the  Z“dlrectlon 
moments  about  tho  y-axls 
reaction  point 
coefficient  of  friction 
cargo  height 
cargo  length 
iftdius  of  gyration 

angular  acceleration 

percentage  of  height  used  for  attachment 
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Aerial  Retrieval) 


The  primary  cons  id  era  Hons  during  the  aerial  retrieval  operations  are  again  stability  ami 
control,  load  factors  encountered,  and  thrust  horsepower  required  and  available,, 

More  i,.ec{fl colly,  the  aircraft  elevator  must  be  capable  of  counteracting  upsetting  pitch¬ 
ing  me  men  fa  during  the  Impact  phase  of  retrieved  ami  also  must  be  capable  of  maintaining 
level  flight  during  cargo  tow  situations,,  Sufficient  elevator  control  must  be  available  to 
prevent  the  aircraft  from  pitching  to  high  angles  of  attack  which  result  in  excessive  load 
factors. 

The  aircraft  must  have  adequate  excess  thrusr  to  overcome  the  load  encountered  during 
the  Impact  phase  of  retrieval  and  the  drag  of  payloads  during  steady  tow  conditions. 

Analyses  were  performed  on  the  0130  aircraft  to  determine  its  capabilities  and  llmitci»» 
Hons  with  regard  to  the  above  factors, 

The  procedure  followed  was  to  determine  the  range  of  tow  line  angles  and  tow  line  tori” 
slons  which  would  be  experienced  by  the  aircraft*  Secondly,  an  exercise  was  performed 
to  develop  the  elevator  deflections  required  to  offset  the  disturbing  moments  created 
by  the  application  of  tow-  line  forces.  Finally,  the  aircraft  load  factors  resulting  from 
the  disturbing  pitching  moments  were  determined. 

In  the  case  of  the  Impact  phase  of  retrieval,  tow  line  angles  and  tensions  were  taken 
fmm  data  computed  for  the  Balloon  Line  retrieval  concept  discussed  previously  in  this  re¬ 
port. 

Tow  line  angles  and  forces  for  steady  «•  state  tow  conditions  were  computed  for  selected 
tow  line  lengths  and  payload  weight*  using  an  In-house  C-130  computer  program.  The 
steady  tow  data  are  presented  In  Figures  13d  through  142, 

Using  the  tow  line  data,  elevator  deflection  requirements  of  the  C-130  were  determined 
both  for  th@  impact  phase  of  the  balloon- line  retrieval  concept  and  for  steady  state  7  v 
conditions  with  various  tow  line  length*. 

The  balloon-line  Impact  phase  analysis  was  accomplished  using  a  500  foot  line  length  and 
a  10,000  pound  payload.  Results  of  this  analysis  are  presented  In  Figure  9l  on  page  206 
of  this  report. 

The  steady  stole  tow  analysis  was  performed  with  the  aircraft  towing  a  10,000  pound  pay- 
load  at  tow  line  lengths  of  200  feet,  500  feet,  and  1000  feet.  Results  of  this  analysts 
are  presented  In  Figure  93  on  page  209  of  this  report. 

In  both  analyse*,  the  aircraft  gross  weight  was  110,000  pound*  not  Including  the  applied 
loads  of  the  payload  and  tow  line. 

The  method  of  analysis  was  to  determine  the  total  moment  of  the  aircraft  about  Its  canter 
of  gravity  for  the  specified  conditions  and  then  d®torrnln@  the  elevator  deflection  required 
to  overcome  the  calculated  moment,  In  order  to  simplify  the  analysis  It  h  assumed  that 
the  aircraft  c  g  is  at  the  1/4  point  of  the  men  aerodynamic  chord  (m.a.c.). 

The  total  upsetting  moment  about  the  airplane  c.$,  th®rt  Is 

M  *=  T  (d  sin  0  -  h  cos  ©  ) 

P 


043) 


Tension  -  Pounds 


1/2"  Cable  Diameter 
Cable  Weight  -  Ot  46^/Fh 
W/CD$  =  100  Lb/1 -t2 


.1  nnn 


WV^f 


horizontal  -  F^et 


Figure  142  -  Payload  Position  Relative  to  Tow, Plane  - 
10,000  Payload 


Thrust  Horsepower  X  JO 


IFigurr,  144  «C»I30E  Thrust  Required  and  Available  - 
50  Percent  Flaps,  Gear  Up 
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Praft  and  Whitnev  JT3D»8A  Engine 
JCAO  Standard  Atmosphere 
4  Engines  Sea  Level 


Military  Power 


Nonna  i  Power 


Limit  Speed  For 
Flaps  35° 


A 

/  // 


Gross  Weight 
1000  Pounds 


^20  100  200  240 
True  Airspeed  -  Knots 

Hgure  146  —  C— 141  Thrust  Required  and  Available 
;  35  Percent  Flaps,  Gear  Up 
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Figure  143  C-5A  Thruic  Required  and  Available 
30  Degree  Flap*,  Gear  Up 
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whara: 


T  *  Line  tension 
d  “  horizontal  distance  So  eg 
h  ~  vertical  distance  to  eg 
Q-  line  angle  with  horizontal 

The  applied  moment  is  then  reduced  to  coefficient  forms 


nv 


me 

ScjC 


(144) 


where  s 


S  -  C-130  wing  area  -  feer 


..,2 


q  =  dynamic  pressure  -  pounds/feef 


c  s  length  of  mean  aerodynamic  chord  -  feet 
The  total  moment  coefficient  of  the  aircraft  is  then  made  up  of  the  C  t)  of  the  aircraft 


atom  plus  the  applied  by  the  tow  line; 

ap 

Cmn  “  Sn  +Cm 

at  a  ap 


(145) 


Two  basic  equations  of  aircraft  longitudinal  stability  are  used  Jo  determine  the  elevator 
deflection: 


The  sum  of  moments  about  the  eg  must  ®  0;  hence: 
0  =  C  +  C  *  &  +  C  - 8 

%  ”S,  •  %  ' 


(144) 


where; 


C 


=  Change  in  moment  coefficient  per  degree  of  elevator  deflection 


$  ~  elevator  deflection  in  degrees. 


change  in  moment  coefficient  per  degree  of  elevator  tab  deflection 
.  .ivator  tab  deflection/  degrees. 


Tlte  second  equation  is  derived  from  the  fact  that  sum  of  elevator  hlnyo  moments  must  be 
xore  fev  o  trimmed  elevator. 
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Hence: 


'ty. 


•  oC  •( 


Se  + 


\  ‘  5' 


+  C, 


(K7) 


where: 


change  in  elevator  hinge  moment  per  degree  os  horizontal 
tail  angle  of  attack 


oc^  ~  angle  of  attack  of  horizontal  tail 


change  in  elevator  hinge  moment  per  degree  of  elevator 
deflection. 


elevator  deflection  in  degrees 

change  in  elevator  hinge  moment  per  degree  of  tab  deflec¬ 
tion 

elevator  tab  deflection 

hinge  moment  coefficient  due  to  fuselage  angle  of  attack. 


The  values  of  the  above  stability  coefficients  and  derivatives  may  be  determined  from 
0130  stability  data.  Since  C  can  be  determined  as  shown  previously,  equations 
146 and  147  above  may  be  ma,  solved  simultaneously  for  the  values  of  and 
Oj  for  any  given  flight  condition,  ' 

In  the  case  of  the  balloon-line  hook-up,  line  tension  and  tow  line  angle  varied  with 
time  throughout  tho  engagement  phase.  The  data  presented  in  Figure  9l,  page  2  06 
resulted  from  solution  of  stability  equations  (146)  and  (147)  for  each  condition  of  tow 
Sine  angle  and  tension. 


For  th®  steady  state  tow  conditions,  the  equations  were  solved  for  each  flight  condition. 
The  elevator  deflections  required  to  hold  level  flight  for  each  of  the  tow  conditions  are 
described  in  Figure  93,  page  209. 


In  the  elevator  analysis  for  the  impact  phase  of  retrieval,  the  maximum  aircraft  angles  of 
attack  and  the  corresponding  aircraft  load  factors  were  determined.  The  data  generated 
on  aircraft  load  factors  are  Included  in  Figure  92,  page  207,  of  this  report. 


Figures  143  through  148  present  the  thrust  and  thrust  horsepower  available  and  required 
for  the  C-130,  C- 141,  and  C-5  fora  standard  day,  sea  level,  four-engine  operation. 
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APPENDIX  B 

EVALUATION  METHODOLOGY 
Introduction 


As  par)-  of  the  investigations  connected  with  the  conceptual  development  of  aerial  de¬ 
livery  and  retrieval  systems  for  heavier  payloads,  the  Lockheed-Georgia  Company  has 
developed  a  methodology  for  evaluating  the  performance  of  these  concepts.  The  eval¬ 
uation  methodology  is  used  during  the  Phase  III  portion  of  the  study  in  order  that  the 
most  promising  systems,  in  consideration  of  design,  operational,  and  performance  param¬ 
eters,  may  be  identified. 

The  evaluation  methodology  developed  for  this  study  is  discussed  in  some  detail  in  the 
introductory  remarks  in  the  next  section,  which  presents  and  account  of  the  evolution 
of  the  methodology  used  along  with  numerical  data  for  use  in  application  of  the  method. 
Results  obtained  with  this  methodology  give  a  valid  estimate  of  the  relative  ranking  of 
the  several  concepts.  Also,  since  the  performance  measures  used  to  evaluate  the  con¬ 
cepts  express  actual  relationships  of  operational  interest,  an  absolute  measure  of  the  per¬ 
formance  of  each  concept  results  from  the  evaluation  technique  described  in  this  report. 

Methodology 

Several  methods  for  concept  evaluation  have  been  examined.  Upon  closer  analysis,  it 
appears  that  the  various  methods  can  be  classified  into  one  of  two  broad  categories: 

o  Ranking  methods  based  on  a  weighted  scoring  of  concept  design, 
operational,  and  performance  parameters 

o  Ranking  methods  based  on  concept  performance  evaluated 

in  terms  of  a  single,  operationally  meaningful  performance  parameter. 

As  the  study  progressed,  it  became  apparent  that  the  first  approach  mentioned  above  pos¬ 
sessed  serious  shortcomings  which  might  lead  to  erroneous  results.  Specifically,  the  as¬ 
signment  of  weighting  factors  to  design,  operational,  and  performance  parameters  can 
be  a  valid  step  in  determining  overall  system  worth  only  if  these  weighting  factors  re¬ 
flect  the  proportion  of  missions  where  each  parameter  dominates.  In  those  cases  where 
missions  are  well  defined,  the  method  of  weighted  scoring  is  relatively  simple  and  thus 
to  be  preferred  to  the  method  of  relative  performance  based  on  operational  variants. 

For  the  current  evaluation,  which  covers  concepts  whose  operational  use  will  extend 
over  the  next  decade,  attempts  at  mission  analyses  of  sufficient  depth  and  scope  to  yield 
slg  nificant  relative  frequencies  of  occurrence  of  requirements  for  specific  performance 
aspects  would  be  both  prohibitive  in  terms  of  effort  and  uncertain  in  results.  Of  neces¬ 
sity,  they  wouid  have  to  be  based  on  subjective  ideas  relative  to  future  theaters  of 
operation  and  scenarios.  The  decision  was  made,  therefore,  to  base  the  comparative 
evaluation  on  a  ranking  of  system  performance  expressed  in  terms  of  a  singly  derived, 
operationally  meaningful  performance  parameter. 

A  flow  chart  illustrating  the  application  of  the  selected  method  is  shown  in  Figure  149. 

As  shown  in  the  figure,  the  evaluation  process  begins  with  a  functional  description  of 
the  concept  to  be  analyzed.  This  description  consists  of  the  two  following  principal  parts: 

o  Definition  of  operational  phases 

o  Selection  of  parameter  values  for  design  point  definition 
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Plgur*  149-  Gensral  Method  For  Concept  EvuiuaHon 


320 


The  definition  of  operational  phases,  is  used  as  follows: 
o  To  define  requirements  for  functional  subsystems 
o  To  establish  mathematical  models  foi  subsystem  functions 
o  To  list  the  appropriate  sets  of  functional  parameters 

The  mathematical  modeling  serves  to  identify  the  set  of  operational/enviranmen.al  pa¬ 
rameters  which  exert  influence  on  the  functions  and  performance  of  the  different  subsys¬ 
tems.  Associated  with  this  task  is  the  establishment  Of  a  list  of  designated  subsystem 
performance  parameters.  Selection  of  items  for  this  list  is  based  on  ar.  examination  of 
whether  a  particular  parameter  tends  to  exert  a  significant  influence  on  he  functions 
performed  Irv  a  later  operational  phase. 

The  next  step  in  the  procedure  is  to  develop  sensitivity  coefficiencts  for  the  several  sub¬ 
system  performance  parameters  with  respect  to  the  appropriate  operational/environmental 
factors.  Combining  numerical  values  for  the  sensitivity  coefficients  with  numerical  val- 
uses  for  variations  and  scatter  in  operational/environmental  factors  yields  data  for  sub¬ 
system  performance  variances.  Certain  of  these  data  mav  tend  tc  amplify  or  extend  the 
set  of  design  parameter  values  and  are  consequently  fed  back  in'  design  process  for 
determination  of  system  component  weights  and  dimensions.  Th  'nder  of  fhe  process 
follows  a  logical  sequence  to  produce  fhe  final  measures  of  concepi  ^vrformance  as  given 
in  Figure  1 49. 


Aerial  Delivery 

A  major  problem  of  existing  aerial  delivery  systems,  which  sets  them  apart  from  surface 
modes  of  delivery,  is  their  inability  to  achieve  consistent  point-to-predetermined-point 
delivery  accuracy.  Paradrop  systems,  for  example,  demonstrate  this  problem  in  current 
operations. 

In  view  of  this  situation,  some  means  must  be  found  to  measure  both  delivery  precision 
and  other  concept  features  accurately  if  a  fair  evaluation  of  the  various  concepts  is  to 
be  realized. 

There  are  several  ways  in  which  a  merit  ranking  of  different  concepts  with  regard  to 
overall  performance  can  be  achieved.  Perhaps  the  most  obvious  one  is  to  form  the 
ratios  (r.)  of  parameter  values  which  express  different  aspects  of  the  concept  performance 

with  corresponding  values  that  could  be  established  for  an  "ideally"  performing  concept, 
and,  to  accopt,  as  a  measure  ot  Vtotal"  or  overall  concept  performance,  the  following 
sum: 

i  =M 

Concept  Ranking  Number  (CRN)  =  £  K..r.  (148) 

5  =  1  1  1 

where 


Concept  performance  capability  for  aspect  (0 
ri  "ideal 1  performance  for  aspect  (i) 

Kj  =  relative  weighting  factor 

M  88  Number  of  performances  aspects  upon  which  the  evaluation  is  based. 
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There  are  two  basic  objections  to  this  approach; 

The  first  objection  is  that  the  CRN  established  in  thj  manner  outlined  above  does  not  pre¬ 
sent  the  concept  performance  capability  in  terms  which  intuitively  cud  immediately  can  be 
applied  to  operational  situations  where  a  need  for  aerial  delivery  capability  exists* 

Tire  second  object! or.  concerns  the  value  of  weighting  factors  to  be  applied  to  the  several 
terms  of  Equation  148.  It  arises  from  the  fact  that  the  operational  and  environmental  fac¬ 
tors  which  exert  influence  on  the  system  performance  mu  vary  from  one  operational  situa¬ 
tion  to  another,  and  also  that  operational  consideration*,  will  shift  emphasis  on  the  various 
-performance  aspects,  i.e.,  change  the  numerical  values  of  the  Kj's  from  one  situation  to 

another..  In  order  to  obtain  representative  values  for  the  K.'ii,  a  very  comprehensive  survey 

of  all  missions  requiring  the  application  of  airdrop  capability  would  be  needed  so  that 
statistical  data  for  the  distribution  of  K, -values  could  be  derived.  From  these  distributions, 

the  median  values  could  be  taken  as  representing  the  most  fair  and  unbiased  evaluation 
basis. 

A  second  approach  to  the  problem  of  establishing  a  method  for  concept  capability  rank¬ 
ing  consists  of  functionally  combining  the  several  parameters  expressing  different  aspects 
of  the  concept  performance  to  obtain  an  operationally  meaningful  single  performance  pa¬ 
rameter  value.  For  airdrop  concepts,  a  Concept  Performance  Number  (CRN)  can  be 
established  from  operational  considerations.  In  forming  the  expression  for  the  CRN,  the 
following  factors  will  b©  used,  each  of  which  expresses  operational  significant  perform¬ 
ance  aspects: 

o  Net  weight  of  delivered  cargo,  W. 

c 

o  Probable  miss  distance  for  the  delivery, 

o  Minimum  time  interval  between  any  two  successive 
deliveries,  T 

c 


The  concept  performance  number  can  then  be  defined  oj  a  cargo  delivery  density  rate, 


CPN  - 


... 


w 

c 


V-  T 
m  c 


Tons/Square  foot/Hour 


049) 


Expressed  in  this  form,  the  concept  performance  capability  can  be  applied  immediately 
to  operational  situations  characteristics  by  requirements  for  specific  delivery  rates  in 
tons/hour  at  drop  zone*  of  given  areas. 

In  the  following  paragraphs,  an  outline  of  the  methods  for  deriving  individual  perform¬ 
ance  measures  are  presented. 

Analysis  of  Specific  Functional  Phases 

The  nucleus  of  the  method  is  an  operational  analysis,  at  the  conceptual  level,  of  the 
several  functionally  distinct  phases  of  the  airdrop  operation.  This  is  done  in  order  to 
identify  parameters  which  exert  influence  on  the  basis  performance  factors  outlined 
above.  The  functional  phases  considered  in  this  analysis  follows 
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o  Ini  Hal  cargo  preparation  and  loading 
o  Drop  cargo  extraction/ejection 

o  Cargo  descent  control/recovery 

o  Impact  deceleration  control 

o  Cargo  drop  zone  disposition 

in  addition,  possible  impact  on  concept  performanc3  of  requirements  for  emergency  car¬ 
go  jettison  capability  will  be  examined. 

Initial  Cargo  Preparation  and  Loading  -  Functions  in  this  phase  which  specifically  per¬ 
tain  to  cargo  drop  operations  are: 

o  Weight  of  cargo  being  prepared 

«  Weight  and/or  volume  cf  gear  involved 

o  Effort  end  time  required  for  the  operation 

Influence  on  the  basic  performance  factors  can  be  traced  principally  to  the  weight  and 
volume  of  requiied  gear.  If  the  total  drop  load  weight  is  limited,  then  this  weight  in¬ 
crement  reduces  the  available  weight  of  useful  cargo.  The  amount  of  required  shoes:- 
proofing  and  harnessing  material  and  equipment,  however,  is  not  sensitive  to  any  opera¬ 
tional  or  environmental  factors  appearing  in  this  phase  but  is  determined  by  design 
conditions  developed  from  consideration  of  operational  and  environment  factors  which 
belong  to  other  phases  of  the  drop  operation.  The  time  required  for  initial  preparation 
of  cargo  could  conceivably  be  considered  as  a  parameter  of  some  significance.  Its  impor¬ 
tance,  hov'sver,  will  tend  to  be  masked  by  the  variation  in  flight  time  between  loading 
and  drop  zones.  In  addition,  since  most  of  the  cargo  preparation  effort  will  have  to  be 
un-done  as  part  of  the  functions  performed  in  the  cargo  drop  zone  disposition  phase,  sig¬ 
nificant  differences  between  concepts  in  this  regard  will  be  properly  evaluated  for  this 
phase . 
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^yxm.cHwy'Ejjgtjgn.  Thl.  phos.  comprTs*  *»  Mbwhg  acHvltios, 
o  Readying  of  extraction  gear 
o  Disconnection  of  tie-down  gear 
o  Activation  and  operation  of  extraction  system 

required  for  on  -xhaustlv.  functional  detection  of  activities  In  ,hl,  phase 
o  Drop  cargo  package  weight  (Includes  weight  of  attached  drop  gear)  w 

o  Manr  >wer  requirement 
Crew  size 

Crew  effort  active  time  e 

o  Aircraft  flight  speed  ^r® 

o  Cargo  floor  sliding  distance 

o  Cargo  extraction  load  factor  * 

o  Cargo  extraction  impulse  ” 

o  Cargo  tip-off  pitch  impulse 

o  Cargo  extraction  time  interval  P® 

o  Aircraft  extraction  drag  impulse  ® 

o  Aircraft  pitch  impulse  ^de 

.Xd^'SdScid.^teTttwL^tr.1^  “  r*r of  ?• • 

influence 'an  any  s£Ct  iLmtwvtr  '  °  “S"1"™* 

°f  "*«—  for  *. 

©  Drop  cargo  package  weight 

o  Cargo  exit  velocity  ^dc 

o  Cargo  extraction  time  interval  V® 

©  Location  of  the  airplane  relative  to  intended  impact  paint  at  cargo  # 

X 

o  Cargo  tip»oi!f  pitch  impulse  }  ® 

pe 

Operational  and  environmental  factors  which  exert  ilanlflcant  lnflu.no. 
performance  parameters  follow:  0m  ,c<mr  *nfluence<  on  these 

©  Variations  in  drop  cargo  weight 

o  Variations  in  flight  speed 

o  Oust  velocity  ^ (RMS) 
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The  degree  of  influence  on  extraction/ ejection  system  performance  of  the  operational  and 
environmental  factors  can  be  traced  by  sensitivity  coefficients.  Thes©  sensitivity  coeffi¬ 
cients  can  be  expressed  mathematically  as  partial  derivatives  with  respect  to  each  one  of 
the  operational  and  environmental  factors.  For  the  cargo  extraction/ejection  phase,  the 
following  set  of  sensitivity  coefficients  is  obtained; 

*V*Wc  »*V6V'  dVdU 

^'/bWc>b\t/dV,  dte/dU 

dVdWc'dVdV'  *  V  *  U 

<>  W dv’  dWAU 


Performance  parameter  deviations  (RMS)  for  the  cargo  extraction/ejection  phase  are 
next  determined  by  the  following  relations: 


Exit  velocity, 

Ave  =  [[(  d  v/awc)  AwcJ'+  [(  a  v/dV)Av]2  + 
[(av/du)  au]  2]‘/2 

Extraction  time, 

2  2 

A'e  -  [[(  a  t/^wc)  AWc]  -i-  [(  d  t/dv)  Av]  + 

[(av/au)  aO] 2 ]  1/2 


(150) 


(151) 


Cargo  exit  point  location, 

2  2 

Axe.  =  [ [(d x/ a  wc) Awc]  +  [( d x./  d  v)  av J  + 
[(dxyau)Au]  2]  1/2 


(152) 


Cargo  pitch  impulse, 

%.  =  f[<«vaw=!^]2  +  [<*v^T  + 

[<6  ^/du)  au]2]  1/2 


(153) 


Of  the  four  performance  parameters  listed  above,  the  cargo  exit  pitch  Impulse,  1  ,  Is  ex- 

eluded  from  further  consideration  in  the  elevation  scheme  for  the  following  reasons: 

o  Its  magnitude  depends  strongly  on  independent  control  which  can  be  exercised 
by  proper  arrangement  of  extraction  bridle  attachment  adjusted  to  fit  the  particu¬ 
lar  extraction  load  configurations. 

o  The  multitude  of  possible  extraction  food  configurations  that  would  need  investiga¬ 
tion., 

o  The  relatively  weak  influence  of  residual  pitching  motion  of  the  drop  cargo  on  the 
amount  (but  not  the  arrangement)  of  impact  shock  absorbing  material. 

Cargo  Descent  Control/Recovery  -  This  phase  covers  the  activities  and  events  following 

exit  of  the  drop  cargo  from  the  airplane  ramp  and  terminates  upon  ground  contact  of  the 
cargo  pallet  or  impact  shock  absorber. 

The  system  functions  and  activities  occurring  in  this  phase  are  specifically  directed  toward 
the  operational  objective  of  depositing  the  drop  cargo  in  a  predetermined  location  with 
a  terminal  rate  of  approach  at  that  location  less  than,  or  equal  to,  a  specified  design  value. 


Parameters  required  for  a  complete  description  of  functional  activities  and  events  in  this 
phase  follow: 

o  Drop  cargo  weight  W 

c 

o  Aircraft  flight  speed  V 

o  Drop  altitude  H 

o  Drop  cargo  exit  velocity  V( 

o  Wind  speed  V 

Vif 

o  Gust  velocity  U 

s  Drop  cargo  load  factor  n 

(Magnitude  and  direction) 

o  Drop  cargo  exit  point  X 


Parameters  which  describe  the  system  performance  during  this  phase  follow: 

o  Drop  cargo  weight  W 

o  Impact  point  coordinate  deviations  Yj, 

o  Cargo  impact  velocity  ^t(x,y,z) 

(x»y#*f  denote  component  values 
along  respective  axes.) 

Operational  and  environmental  factors  which  exert  a  significant  Influence  on  these  per¬ 
formance  parameters  follow: 

o  Cargo  weight  variations  AW„ 

o  Flight  speed  variations  AV 

o  Cargo  exit  speed  variations  Av^ 
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o  Wind  speed  variations 
o  Gust  velocity  variation 
o  Altitude  variations 


Avw 
A  u 
Ah 

The  degree  of  influence  is  expressed  by  the  sensitivity  coefficients  r 

dx/3 Wc,  a  X/  d V,  ax/  a^ve,  a  X/  6  vw,  a  X/  a  u,  a  x/a  h 
dY/awcm  av/av,  «*Y/ave,  a  Y/avw,  y/  a  u,  dv/dH 

a  v,y,y  dwc'  «w4y- a  v,,/e  v 

d  Vl(x,  y,z)/dVw'  d  vt(K,  y,z)/dU-  d  V,  y,  z/  d  H 
accordingly' parafneter  deviaHons  (RMS>  for  the  Ascent  control/recovery  phase  follow, 

Xf  =  f[(dx/  awc)  AwJ2  +  [(  d x/  dv)  Av]2  + 
j{  a  x/  a  ve)  Ave] 2  +  j{  a  x/  a  u)  Au]  2  +[( ax/  a  h>  ah]2  ]  {j54) 

\  =  ft  dv/aw6)  AwJ2  +  [(  av/av)  Av]2  + 

[( a  v/a ve)  Ave]2  +  [(  a Y/a u)  Au] 2  +  [( a  y/  a  hjah]2  ]  (155) 


•fcy,z)  '  R'dV,y,z/dWc>A<|2  +[( dvt(x,y,z/ dv)2vJ 


V-  •  '  [[< 
r  .  .  ,  ,  t~*  **lo  r  _ _ ->  _ 

4-1/ /  -\\/  V  /\w  I*  ,  I  /  \  .  .  v  »  .  ..  T~  I  V 

P  f  L(oVt{x/y,z/^u)  ^VJ 

1/2 


[(dV,y/Z)/aH)AH]2] 


(156) 


(x,y,z  denote  component  values.) 


Imjxict  Decefe  ration  Control  -  This  phase  covers  the  activities  and  events  following 
f'iai  9^Ufj  0O-?.tacif  of  *°P  «ar8°  PaHet  and  terminates  when  the  cargo  Is  at  rest 
Tif  ocHvities  for  this  phase  are  directed  toward  foe  obiec- 

tive  of  absorbing  the  kinetic  and  potential  energy  possessed  bv  foe  cargo  et  foe  Instant 
of  Wl  contact  under  the  consfcaim  of  a  tolerable  acceleration  expire  for  fo?dwp 
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f 

/ 


Parameters  required  for  a  complete  description  of  functional  activities  and  e  vents  in  this 
phase  follow: 

Geometric  configuration  of  drop  cargo 
inertia  properties  of  drop  cargo 


o 

o 

o 

o 

o 

o 

o 


o 


o 


Weight 

Moments  of  inertia 

Impact  velocity  components 

Rotational  velocity  components 

Cargo  attitude  angles 

Soil  shock  absorbing  capability 

Soil  sliding  friction  coefficient 

Shock  absorber  travel  distance 

Shock  absorber  load-compression  characteristics 


W 

v 

ly/  Ij. 

Vix'  Viyf  Vh 

0^,0)  ,ooz 

yh,  yz 


The  rotational  state  paiameters  ({  ,  1  ,  I  ,  tO  .  (*)  .  OJ  and  Y  m  /  ,  Y  )  are  not  con- 

a  y  z  X  y  z  a  y  *  z 

sidered  in  this  analysis,  for  the  reasons  given  earlier  In  the  analysis  of  the  cargo  ©xfrac- 
Horyejectlon  phase.  Further,  inorder  to  simplify  the  analysis,  a  constant  value  of  the 
soil  sliding  friction  coefficient^  Is  assumed  without  introducing  a  bias  in  the  concept 

evaluation.  Similarly,  soil  shock  absorbing  properties  are  neglected  for  all  concepts. 
Finally,  a  stroke- independent  shock  absorber  force  characteristic  is  assumed.  This  as¬ 
sumption  can  be  made  without  prejudice  to  any  concept  since  the  phase  Considered  only 
covers  the  shock-absorbing  qualities  required  for  the  drop  cargo  pallet  or  platform. 

With  these  assumptions,  the  list  of  parameters  required  for  a  functional  description  of  ac¬ 
tivities  and  events  in  the  l/npact  deceleration  control  phase  reduces  to  the  following: 

o  Drop  cargo  weight,  Wccj 
o  Impact  velocity  components,  Vlx'  V!f  Viz 
o  Soil  sliding  friction  coefficient,  fJL^ 
o  Limiting  Impact  load  factor,  Oj 


For  the  purpose  of  analysis  it  is  convenient  to  oxpress  the  cargo  weight  as  a  sum  of  two 
terms: 


Wcd  -  Wc  +  Awp|  (IS7) 

where 

Wc  “  the  design  value  for  the  condition  considered,  and 
^Wp|  “  a  random  element  of  variation 

Similarly,  the  impact  velocity  components  can  also  be  expressed  as  two-term  sums: 

Vi(x,y,z)  “  Vl(x,y,z)  +  ^Vf(x,y,z)  (158/ 
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where 

V.a  v  ®  design  value  for  Hie  component  considered,,  and 

( Y,  Z) 

AVj()(  y  zj~  randomly  varying  increments 

The  soil  sliding  friction  coefficient,^ and  the  limiting  value  for  the  tolerable  impact 
load  factor,  n.,  are  both  assumed  to  be  constant  for  all  concepts. 

Parameters  which  describe  the  system  performance  for  this  phase  follow? 
o  Cargo  weight,  W  j 

o  Shock  absorber  compression,  AH$  ^2 

o  Cargo  ground  sliding  distance,  A*r$  ~  JjAX?  +  AY?  "j  (159) 

The  numerical  values  for  these  performance  parameters  are  functions  of  the  phase  input 
variables  W  and  V./  with  sensitivity  coefficient* 

*x/dwc,  dx/  evix 

a V  d V  avi, 

and  standard  deviations 


_  2  2  1/2 

AX,  *  [<  a  y  *  we>  Aw  ,  ]  *  [( d  x/  d  v,,)  Avlx] '  j 

"l  1  1  /2 

[l>Y/dwc)Awp,J2  +  [<*Y/*vIy>  Av(y]2| 


The  measure  for  the  total  drop  cargo  dispersion,,  r™,  can  be  determined  from  the  sum  of 
cargo  displacement  variances  from  the  extraction/ election  phase  through  tlw  impact 
phase,  This  sum,  for  each  component,  follows: 

Ax*  *  Ax?  +  Ax?  Ax?  (162) 

AY2  “  Ay?  +  AY?  t/,  0^3) 

*m  "  l^m  +  A^n  J  (164) 

The  required  shock  absorber  stroke,  A  Hr  Is  a  function  of  the  weight  of  the  cargo,  Wc, 
the  vertical  Impact  velocity  component  and  the  limit  value  for  the  impact  food  fac;~ 
tor,  iy  This  relation  can  be  expressed  m  fdlowss 

Th©  pre-impact  kinetic  energy  is 

KEt  «  1/2  ^  V2  .  (165) 
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Potential  energy  absorption  required  for  the  impact  is  PI:.  -  w  *  H  . 

i  cd  $ 

Total  Impact  energy  absorption  requited  follows? 

W  ,  0 

E,  -  n(Wd  Ah,  -  1/2  -2!  V  2  *  AH, 


H. 


V 

2g(n.-l) 


(166) 


(167) 


Equation  (168)  expresses  th©  required  shock  aforsrbar  travel  «  a  foiKflon  of  V.  and  n,. 

2»  5 

However,  in  order  to  apply  this  actuation.  It  Is  necessary  to  consider  the  ranges  of 
variation  in  both  cargo  weight  etna  impact  velocity  m  expressed  In  fiqued Ions  (157)  and 
(158), 

Since  a  constant  shock  absorber  load/svtoke  characteristic  it  assumed,  ft  follows  that 
the  lightest  load  experiences  the  highest  impact  load  factor,  regard! <m  of  actual  amount 
of  shock  absorber  compressions.  The  maximum  shock  absorber  travel,  however,  ft  re¬ 
quired  for  the  combination  of  the  largest  drop  cargo  weight  and  th#  largest  Impact  vela- 
city.  This  impact  energy  absorption  must  consequently  occur  at  an  impact  load  factor 
nj  which  is  less  than  the  specified  limit  value  nj.  The  following  expression  account® 
in  an  approximate  manner  for  both  the  extremely  smell  probabili  ty  of  encountering  a 
large  negative  deviation  in  drop  cargo  weight  and  for  me  prob-iwlity  of  the  combined 
©vent  of  very  large,  positive-weight  and  impact- velocity  deviations? 


W 


cd 

W 


Lw 


cd 


+  AW, 


IfiL 


(169) 


P» 


where 

Au/ 

^>1 


"  th©  standard  deviation  at  drop  cargo  weight 
rang©  considered. 


*t  variation  within  the  weight 


The  required  shock  absorber  travel,  H„  is  a  design  feature  of  th*  concept  which  serves 
to  measure  the  requirements  for  volume  and' weight  of  the  Impact  shock  absorbing  »m» 
portent  of  th®  system.  Evaluation  of  H»  must,  therefore,  be  based  or*  o  design  crl  tori  art 
which  logically  accounts  for  the  foot  that  o  limiting  condition  Is  considered.  This  h  ao*» 
compllihed  by  determining  the  required  shook  absorber  bwel  m 


AH0  ■ 


Is 


*  3  *  AVjy) 


2 


2g  (tij  -  I) 


wher® 


V,  m  the  nominal  or  design  vertical  Impact  velocity  component  for  the  «y«t#in  under 
K  wnslr/tetotion,  emd 


AV.  - 


»z 


the  standard  deviation  of  vertical  impact  velocity  component,,  evaluated 
as  shown  in  the  analysis  of  the  descent  control/recovery  phase. 


Cargo  Drop  Zone  Disposition  -  Activities  in  this  phase  consist  of  the  following: 

o  Removal  of  drop  gear,  harnessing  and  shock  absorber  material  from  the  drop 
cargo 

o  Preparation  of  cargo  for  removal  from  the  immediate  drop  area 
o  Transport  of  cargo 

o  Clearing  the  drop  area  of  obstructions  and  debris  associated  with  the  last  drop 

The  single  parameter  expressing  system  performance  for  this  phase  is  the  drop  cycle  time, 
Tc,  which  measures /the  time  interval  which  must  be  allowed  between  any  two  successive 
deliveries. 

Th&  drop  cycle  time  can  be  conceived  as  the  sum  of  the  following  time  increments: 

T 


t  + 
eg 


ct 


071) 


whore 


Cp 


ct 


tin  »  to  remove  harness  and  other  drop  gear  from  the  drop  load  along 
w.  -site  actions  preparatory  to  transportation  of  the  cargo  away 
t  Jtr.  mmed iu to  drop  area,  and 

time  n  ,ulred  to  transport  the  drop  cargo  and  drop  gear  debris  and  com¬ 
ponents  a  specified  distance  away  from  the  drop  area  aiming  point. 


For  t  ,  the  weight  and  bulk  of  material  and  gear  which  must  be  disassembled,  along 

with  the  size  of  available  crew,  must  be  considered.  It  appears  reasonable  ;c  expect 
that  on  the  average,  t^  can  be  expressed  os  a  direct  function  of  the  weigh,  o'  material 
to  bo  handled. 


eg 


C1  Wc  +  W$P 


(172) 


whore 


Cj  ~  an  empirical  constant,  hours/ ton. 

for  t  the  weight  and  bulk  of  material  to  be  handled  along  with  the  transportation  pro¬ 
duction  rate  for  available  transportation  facilities,  and  the  length  of  transportation  dis¬ 
tance  required  h  given  by: 


W  +  W , 

4  i£i  _  «■ 


(173) 


where 

TPR 


transportation  production  rote,  ton  mtlos/hour 


D  u  required  transportation  distance. 
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The  transportation  distance,  D,  is  related  to  the  anticipated  scatter  in  repeated  drops  and 
can  with  reasonable  confidence  be  set  equal  to 


D  =  3 


m 


Using  these  relationships,  the  drop  cycle  time  becomes 


W  +  W . 

T  =  C,  (W  +  W  .)  +  3  •  -- - '±  •  r. 

c  I  '  c  $i 


TPR 


m 


(174) 


075) 


T  «  (W  +  W .W  C.  + 

C  C  Sl  )  1 


3r 

m 

TPR 


Determination  of  Concept  Performance  Number 

In  order  to  compute  the  vo.  -e  of  CPN  .  as  gis  by  Equation  (149),  the  numerator  is  de¬ 
termined  in  the  manner  described  in  1  he  following: 

Weight  nomenclature. 


W 

I 

w. 


pi 


w 


sa 


w 

w 


st 


*  aircraft  payload  weight 
=  net  cargo  weight 

»  weight  of  delivery  system  components  carried  permanently  in  the  air¬ 
plane 

=  weight  of  extraction  and  trajectory  control  components 

«  weight  of  Impact  shock-proofing  and  harnessing  components  remain¬ 
ing  with  cargo  through  impact 


then 


-  Wpj  -  (w„rt  +  w.t  +  Wt!) 


ca 


st 


'sl' 


(176) 


artd  drop  cargo  weight 

w  ,  =■  w  +  w , 

cd  c  si 


(177) 


In  Equation  (176),  W^j  represents  the  Independent  variable  which  Is  assigned  the  values 
shown  in  Figure  150,  Column  7. 

The  value  of  W  depends  on  specific  features  of  the  concept  under  Investigation  and  on 

SQ 

the  extent  to  which  these  features  are  sensitive  to  tfv?  various  design  parameters  outlined 
In  Figure  150,  particularly  the  extraction  load  factor  ng.  The  value  of  1*  again 

s.rorigly  Influenced  by  conceptual  features  and  design  parameters  as  outlined  In  Figure 
150,  In  this  case  with  particular  reference  to  the  load  factor  n. 
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Evasion  -  Basic  Parameters 


The  value  of  W  .  1$  principally  influenced  by  the  required  amount  of  shock  absorber  travel 
as  computed  from  Equation  (170),  along  with  the  appropriate  cargo  drop  weight,  as  com¬ 
puted  hom  Equation  (177),  Since  for  each  concept  to  be  evaluated  one  would  presume 
application  of  the  most  efficient  method  for  Impact  shock  absorption,  the  weight  of  shock 
absorbing  material  can  be  determined  on  the  assumption  of  equal  efficiency  for  all  con¬ 
cepts.  Under  this  assumption,  th©  weight  of  shock-absorbing  material  can  be  Expressed  as 
follows: 


•  Ah, 

5 


Wc  '  Wpl  •  <W»  +  V  -  Wc  •  C,  •  HS 

W  =  WP'  ~  <*«■  1  'V 
°  '  +  c,  •  Ahs 


(178) 


(179) 


With  these  data,  the  concept  performance  number  can  be  evaluated  as 


CPNd  “ 


-  <*„■  +  w,(> 
wc  (1+C,.AH()jc1+^.| 


Discussion  of  Weighting  Factors/Performonce  Perturbation  Constants 


(100) 


A  list  of  the  basic  parameters  that  characterize  the  operation*  and  performance  of  aerial 
delivery  systems  ts  shown  in  Figure  150,  The  parameters  are  called  out  by  name  and  sym¬ 
bol,  and  gr#  classified  In  the  three  overlapping  categories  of  design,  opera  Hand/ environ¬ 
mental  and  performance.  In  a  further  set  of  four  columns,  the  areas  of  application  of 
each  parameter  are  Indicated. 


The  first  of  these  columns  Indicates  parameter-values  which  are  necessary  for  the  concept 
evaluation  method  outlined  previously  but  which  cannot  be  assumed  to  differ  from  one 
:concep(tfo  another. 

The  entries  In  this  column  are: 


o  Impact  load  factor,  nj 
o  Coefficient  of  ground  sliding  fraction  jj, , 
o  Impact  shock  absorber  weight  constant  (poui’td/psursd/foot) 
o  Drop  cargo  preparation  time  rate  (hour/ ton) 
o  Transportation  production  rate  (ton  mile/hour) 

The  magnitude  of  the  Impact  load  factor  I*  basically  determined  by  tho  acceleration  tole¬ 
rance  of  the  drop  cargo  which  will  vary  over  a  wide  rang*o  Ths  value  of  20  @  vertical 
has  been  selected  as  reflecting  current  practice  and  requirements,  Application  of  a  fixed 
value  for  nj  tends  to  rank  the  various  concepts  with  respect  to  magnitude  and  consistency 
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of  the  impact  velocity.  Concepts  exhibiting  consistently  high  and/or  large  scatter  in  im¬ 
pact  velocity  are  penalized  in  performance  due  to  the  larger  amounts  of  weight  and  vol¬ 
ume  of  shock  absorbing  material  required  for  these  concepts  in  order  to  hold  the  actually 
experienced  impact  load  factor  at  or  below  the  prescribed  limit. 

The  coefficient  of  ground  sliding  friction, serves  basically  to  generate  data  for  the  dis¬ 
placement  of  the  cargo  from  the  initial  impact  point  if  the  impact  velocity  possesses  any 
horizontal  component.  These  displacement  distances  are  part  of  the  impact  point  scatter 
around  the  drop  aiming  point.  Actual  magnitudes  for  ground-sliding  coefficients  of  fric¬ 
tion  vary  widely  with  ground  conditions  such  as  soil  type,  vegetation,  and  moisture,  and 
with  the  type  of  surface  presented  by  the  drop  cargo.  The  value  of  U  =  0.35  appears 
to  represent  a  good  average. 

The  impact  shock  absorber  weight  constant  C  is  applied  with  a  fixed  value  in  the  eval¬ 
uation  of  all  concept-.  The  reason  is  that  regardless  of  the  theoretical  advantages  of 
particular  recovery  devices,  impacts  with  finite  impact  velocities  are  bound  to  occur 
under  operational  conditions,  and  a  fair  allowance  for  this  eventuality  should  give 
each  concept  tha  benefit  of  equal  shock-absorbing  efficiency  for  the  impact  condition. 


The  drop  cargo  preparation  time  rate,  C|,  Is  a  factor  which  appears  related  both  to  the 

type  of  cargo  and  to  particular  concept  features.  Mathematically,  Cj  expresses  the 

time  rate  in  hours/ ton  required  for  stripping  the  cargo  of  drop  harness  gear  and  for  pre¬ 
paring  it  for  transportation  away  from  the  Immediate  drop  Impact  area,  along  with 
clearing  the  impact  area  of  debris. 

The  transportation  production  rate  fTPR),  In  ton  mlles/hour,  is  applied  to  measure  the 
length  of  the  time  element  required  to  clear  the  drop  Impact  area  for  the  next  drop. 

The  numberica!  value  for  this  constant  depends  on  the  type  of  cargo,  on  available  trans¬ 
portation  facilities,  and  on  topographical  and  climatological  features.  It  is  also  com¬ 
pletely  Independent  of  conceptual  drop  system  features.  It  can  therefore  be  applied  as 
a  constant  without  prejudice  for  any  particular  concept. 


The  second  column  of  Figure  150  presents  parameter  values  which  are  used  to  define  specific 
j  gn  po  in.ts  common  to  a!?  cone®"'  Wind  speeds  and  aircraft  flight  spoeds  and  altitudes 
are  representative  values  and  include  .n-  extreme  ranges  specified  In  Exhibit  A  of  the 
contract  (Reference  1),  A  3Q-foot-por»second  maximum  gust  velocity  was  selected  as  be¬ 
ing  consistent  with  currently  accepted  aircraft  design  practice.  Payload  weight  design 
points  are  shown  in  compliance  with  requirements  spelled  out  in  Exhibit  A  of  the  contract 
(Reference  1). 


The  third  column  shows  parameter  values  which  are  used  to  generate  data  for  the  perfor¬ 
mance  sensitivities  of  the  various  concept.  They  are  construed  as  weighting  factors 
to  be  applied  to  numbers  expressing  the  sensitivities  of  a  concept  In  regard  to  particular 
performance  aspects.  The  product  of  these  weighting  factors  and  the  corresponding  sen- 
sltivi'y  coefficients  yield  values  for  performance  decrements  which  are  usea  in  the  final 
evaluation  of  concept  performance  capability. 

The  weighting  factors  all  have  In  common  that  they  are  derived  from  parameters  that  are 
sublect  to  only  limited  degrees  of  operational  control.  In  fact,  they  are  Intended  to  de¬ 
scribe  as  nearly  as  possible  the  exact  degree  to  which  these  particular  parameters  ore 
beyond  operational  control.  This  Is  achieved  by  expressing  the  wetghtlng  factors  In 
terms  of  standard  deviations  (or  RMS),  also  called  standard  errors. 
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The  flight  speed  standard  deviation,  AV  -  3  knots,  was  selected  from  consideration  of  the 
presentation  afforded  by  the  standard  air  speed  indicator  died,  assuming  that  the  target 
air  speed  may  foil  at  any  point  between  dial  index  markings. 

The  altitude  standard  deviation,  AH,  h  conceived  as  consisting  of  two  components:  one 
represents  the  probable  error  committed  by  the  pilot  in  attempting  to  hold  a  specified 
flight  altitude  with  reference  to  altimeter  indications,  and  the  second  represents  fluctua¬ 
tions  in  ground  elevation  contour  along  the  flight  track. 

for  deliveries  at  very  low  altitudes  In  the  range  from  zero  to  300  feet,  it  is  assumed  f!\at 
the  delivery  site  must  be  sufficiently  level  that  the  ground  roughness  component  can  be 
neglected.  For  this  altitude  band  the  altitude  deviation  is  assessed  as  10  percent  of  the 
target  altitude. 

For  the  altitude  band  300  feet  <H<  500  feet,  the  piloting  component  of  the  altitude  de¬ 
viation  Is  assumed  to  remain  at  10  percent  of  Jh©  nominal  altitude,  while  an  elevation 

frofile  component  of  0.01  H  becomes  noticeable.  This  value  was  assessed  fr»m  unpub- 
ished  data  from  an  earlier  investigation  of  ground  elevation  fluctuations  along  typical 
flight  tracks  and  represents  RMS  values  for  ground  distances  equal  to  the  flight  altitude. 
For  the  altitude  band  above  500  feet,  the  piloting  component  of  the  deviation  was  as¬ 
sessed  at  a  constant  50  feet,  based  on  data  from  Journal  of  Aircraft,  May- June  1965, 
"Recent  Developments  in  Pressure  Altimetry, "  by  WiTHam  Grcscey.  The  ground  eleva¬ 
tion  fluctuation  component  was  assessed  at  0.01  H. 

The  wind  speed  standard  deviation  AV^y  was  assessed  at  10  percent  of  the  design  wind 
speed  of  30  knots.  It  is  interpreted  as  a  probable  error  of  actual  wind  speed  estima¬ 
tion. 

The  gust  standard  deviation,  AU,  was  assessed  as  10  feet  per  second,  in  line  with  the 
philosophy  that  the  design  value  should  amount  to  three  or  more  times  the  standard  de¬ 
viation  in  order  to  make  its  probability  of  occurrence  sufficiently  small.  The  standard 
deviation  for  drop  cargo  weight,  AWpl,  was  assessed  assuming  a  trfcsngJar  distribu¬ 
tion  of  possible  cargo  weights  over  each  500% pound  range,  centered  on  h@  nominal 
values.  This  assumption  lead*  tO  thw  value  AW  -  1021  pounds. 
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Summery  of  Aerial  Delivery  Methodology 


The  proposed  method  for  evaluating  aerial  delivery  concepts  is  based  on  a  quantitative 
derivation  of  system  performance.  The  performance  measure,  expressed  as  net  weight 
of  cargo  delivered  per  unit  area  per  unit  time,  is  evaluated  for  each  concept  and  used 
to  establish  the  concept  relative  ranking.  Net  cargo  weight  is  established  as  aircraft 
payload  weight  less  weight  of  the  delivery  system.  The  referenced  area  measures  the 
drop  precision  capability  of  the  system  and  is  expressed  in  terms  of  the  probable  miss  dis¬ 
tance.  The  time  is  defined  as  the  time  interval  between  any  two  successive  drops,  al¬ 
lowing  for  clearing  the  drop  zone  of  the  previous  delivery. 

The  entire  delivery  operation,  from  initial  preparation  of  cargo  to  final  cargo  disposition 
at  the  drop  zone,  is  considered  in  six  phases  of  functional  activity.  These  functional 
activity  phases  are  most  easily  defined  by  the  characteristic  type  of  operations  conducted 
on  the  cargo  from  start  to  end  of  the  phase .  These  operations  conducted  on  the  cargo  can 
be  expressed  by  mathematical  relationships  which  contain  terms  expressing  both  perform¬ 
ance,  parameters  and  operationd/environmental  parameters.  The  sensitivity  of  the  concept 
performance,  as  expressed  by  the  impact  velocity  and  miss  distance  from  the  nominal  im¬ 
pact  point,  to  variations  in  operational/environmental  parameters  is  obtained  with  the 
aid  of  these  mathematical  relationships  programmed  on  digital  and  analog  computers.  The 
resulting  sensitivity  coefficients  are  combined  with  the  standard  deviations  expressing  the 
expected  variation  of  values  of  operational/environmental  parameters  shown  in  Figure 
150  ,to  produce  measures  of  impact  velocity  and  miss  distance.  Impact  velocity,  con" 
verted  to  shock  absorption  system  weight,  increases  the  total  delivery  system  weight  and 
thus  detracts  from  net  delivered  cargo  weight.  Miss  distance  is  used  to  compute  the  size 
of  the  probable  impact  area.  The  drop  cycle  time,  or  time  between  two  successive  drops, 
is  computed  allowing  for  the  amount  of  cargo,  amount  of  shock  absorbing  material,  and 
the  cargo  transport  distance.  Cargo  transport  distance  is  computed  as  the  distance  from 
the  center  to  the  impact  area  perimeter.  Finally,  concepts  are  examined  for  compatibility 
with  emergency  cargo  jettison  capability.  Concepts  possessing  this  capability  will  be 
given  preference  in  the  comparative  evaluation,  providing  that  the  differences  in  perform¬ 
ance  ranking  numbers  are  small. 

Aerial  Retrieval 

The  preceding  text  has  developed  the  methodology  used  for  the  comparative  evaluation 
of  aerial  delivery  svstems.  The  methodology  used  for  the  evaluation  of  aerial  retrieval 
systems  is  essentially  the  same,  i.e.,  a  sensitivity  analysis  of  characteristic  concept 
performance  parameters  is  conducted  in  order  to  determine  the  overall  system  performance. 
This  sensitivity  analysis  is  based  on  realistic  operational  and  environmental  factors  and 
established  design  limits.  There  is,  however,  a  basic  difference  in  the  derivation  of  the 
concept  performance  number.  In  aerial  delivery  operations,  one  of  the  major  problem 
areas  is  associated  with  improving  the  delivery  precision,  i.e.,  reducing  tne  impact 
point  scatter  about  the  aiming  point. 

In  aerial  retrieval  operations,  on  the  other  hand,  a  major  problem  area  is  associated  with 
achieving  a  positive  engagement  with  the  retrieval  load.  The  degree  of  success  in  this 
aspect  of  the  operation,  as  expressed  in  terms  of  engagement  probability,  is  a  direct  mea¬ 
sure  of  the  capability  of  the  system.  Moreover,  the  engagement  probability  depends 
strong iy  on  both  Inherent  features  of  the  concept  and  the  operatlonal/environmental  cir¬ 
cumstances  surrounding  each  retrieval  attempt,  as  Is  described  In  greater  detail  below. 

Since  the  weight  of  the  retrieval  load  is  limited  to  IO,QCO  pounds  and  since  a  part  of 
this  weight  must  be  allotted  to  such  pick-up  system  components  as  are  attached  to  cargo 
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during  the  retrieval  operation,  an  additional  factor  influencing  the  effectiveness  of  the 
concept  can  be  expressed  as  the  ratio  of  useful  load  to  total  retrieved  load,  including 
system  components. 

Various  retrieval  system  concepts  differ  considerably  in  regard  to  the  effort  and  time  r«~ 
quired  to  prepare  for  the  actual  retrieval,  Tr. 

Finally,  certain  retrieval  concepts  are  compatible  with  boarding  of  the  pick-up  cargo, 
while  others  do  not  possess  this  capability,  thus  necessitating  a  mode  of  aerial  delivery 
for  cargo  re-deployment.  In  the  latter  case,  selection  of  possible  delivery  modes  is 
more  restricted  than  for  retrieval  concepts  which  are  compatible  with  boarding  of  the 
toad. 

In  view  of  these  considerations,  it  appears  necessary  to  establish  separate  concept  rank¬ 
ing  numbers  for  retrieval  concepts  according  to  whether  the  retrieval  concept  is  limited 
to  a  subsequent  aerial  delivery. 

For  concepts  that  require  subsequent  aerial  delivery,  a  concept  ranking  number  is  estab¬ 
lished  as  follows; 


cmR1  -  p( 


w_ 


where 


rrr  <t  +  t  ) 

m  '  c  r 


(181) 


=  Retrieval  engagement  probability 

«  Net  cargo  weight 

-  Weight  of  complete  system 

-  Root  mean  square  delivery  dispersal* 

Tc  »  Delivery  cycle  time* 

*  Discussed  eariier  in  this  section  under  "Aerial  Delivery" 

The  retrieval  preparation  time,  T^,  is  given  by 
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where 

C 


=  A  predetermined  constant  for  each  concept  (houn/too),  and 

W  =  The  total  weight  to  be  retrieved  Including  cargo,  harnessing, 
cr  lift  system  and  tow  lines. 

For  concepts  which  are  compatible  with  cargo  boarding,  the  retrieval  concept  ranking 
number  fs  as  foiiows: 


CWR2“  Pe 


W, 


VY 


'c  +  Ws 


(183) 


where  the  different  terms  are  as  defined  above. 
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Analysis  of  Specific  Functional  Phases 


As  with  aerial  delivery  systems,  aerial  retrieval  systems  can  be  ranked  according  to  their 
capability  for  fulfilling  the  inherent  requirements  associated  with  the  several  functional 
phases  characteristic  of  the  overall  system  operation.  Three  of  these  functional  activity 
phases  are  considered  with  respect  to  the  evaluation  of  aerie!  retrieval  concepts.  These 
are: 

o  Preparation  for  retrieval 
o  Payioad  retrieval 
Engagement 

Towing  and/or  boarding 
o  Payload  redeployment 

Preparation  for  Retrieval  -  This  phase  is  considered  to  begin  with  the  assembly  of  lifting 
ana  towing  gear  on  the  cargo  to  be  retrieved.  It  includes  deployment  of  tetrieval  lines,  if 
any,  and  attachment  of  harness  gear  and  fs®  downs,  and  cargo  relocation  of  movement  as 
required  to  obtain  the  necessary  conditions  for  cargo  retrieval.  According  to  the  perfor¬ 
mance  measures  for  retrieval  concept  comparison  discussed  above,  this  phase  relates  only 
to  the  time  required  for  cargo  preparation  for  retrieval.  This  time  is  affected  primarily 
by  variations  between  concepts,  but  it  is  also  a  function  of  cargo  weight,  W  .  As 

cargo  weight  increases,  the  time  required  for  harnessing,  tie-down,  retrieval  line  deploy¬ 
ment,  and  lift  system  attachment  also  increases  for  any  one  aerial  retrieval  concept. 

The  cargo  preparation  time,  T  ,  is  evaluated  from  Equation  (182)  with  the  value  of  the 
constant,  Cr,  being  determined  from  detailed  analyses  of  specific  concept  features. 

Payload  Retrieval  -  This  phase  covers  the  activities  and  events  from  the  initial  align¬ 
ment  of  the  retrieval  aircraft  with  the  target  indicator  until  stable  tow  conditions  or 
boarding  of  the  retrieved  cargo  has  been  accomplished.  It  subdivides  naturally  into 
two  sequential  chains  of  events,  namely,  those  leading  up  to  and  concluding  with  the 
achievement  of  a  firm  engagement,  and  those  associated  with  the  subsequent  lift-off, 
acceleration,  and  control  of  cargo  motion  relative  to  the  ground  and  the  airplane.  The 
two  event-chains  are  hereafter  referred  to  as  the  "engagement  sequence"  and  the  "tra¬ 
jectory  sequence",  respectively. 

Engagement  -  From  the  functional  analysis  standpoint,  ‘he  objective  of  the  engagement 
sequence  is  to  achieve  a  spatial  and  temporal  coincident  of  the  two  mating  parts  of  the 
pick-up  engagement  gear. 

The  problem  is  analogous  to  that  of  hitting  a  target  of  specified  dimensions  with  a  device 
which  c^n  he  aimed  and  controlled  with  limited  degrees  of  precision,  in  application  of 
this  notion;  it  is  convenient  to,  introduce  the  following  definitions. 


Aj.  Target  exposure  area  normal  to  flight  path,  or  cross-sectional  area  of 

the  engage  men t  corridor. 

A  =  Area  containing  all  possible  flight  path  intercepts  with  the  target  ex- 
P  posuro  plane. 

The  area,  Is  contained  within  the  envelope  contour  generated  by  displacing  the  area, 
Aj,  from  its  centroid  by  «  displacement  vector  whose  magnitude  depends  on  the  following: 
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o  Tha  sensitivity  of  target  center  location  with  respect  to  operations '/environ¬ 
mental  factors 

o  The  magnitudes  of  variations  In  operational/environmental  factors 

o  The  degree  of  precision  which  can  be  achieved  lor  the  aimed  engagement  com- 
ponent  flight  path  control 

The  target  area  location  can  be  expressed  in  terms  of  the  target  area  centroid  coordinates 
normal  to  the  flight  path, 

Specific  operattonal/envlronmental  factors  which  might  influence  thes®  coordinates  depend 
on  particular  conceptual  features,  but  one  would  expect  gustiness  of  the  air  to  have  a  ina- 
|or  effect  In  most  cases.  The  sensitivity  of  centroid  location  can  be  expressed  as  the  par¬ 
tial  derivatives,  ^  ,  d  Z/^y. 

The  target  displacement  vector  components  then  become 


«  <6Y/dy)  -Au 

(182) 

Azf 

-  (dZ/du>  ^Au 

(183) 

Whore  A  U  Is  the  magnitude  of  the  gust  velocity  causing  the  target  displacement. 

The  gust  velocity  Intself  Is  a  random  variable  In  magnitude  as  well  as  In  direction.  It 
can  be  expressed  In  terms  of  Its  root-mean-square  volume  denoted  AU,  and  a  charac¬ 
teristic  frequency  of  occurrence,  n  gusts/sec. 

tf 


The  aiming  accuracy  for  the  pickup  engagement  device. Is  a  vary  complicated  function 
of  the  dynamic  properties  of  the  pllot-aliplane  combination.  If  turget  location  shifts 
occur  as  a  slow  enough  refs.  if  is  possible  for  the  pilot  to  compensate  by  re-direetlon 
of  the  flight  path,  whit#  tf  the  shift*  are  violent  and  rapid,  the  task  of  compensating 

ksAAMas  I  nAVaiee  Innlw  mam  1C!  ai  ii  A  mm4  LI  I  Ja  r.L  «  ub  tltl*  ■  fl  it.  —  «  9  I  •  i. 
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airplane  combination. 


The  capability  limit  can  be  expressed  in  terms  of  a  characteristic  response  time  lag, 

T  •  Target  location  shifts  which  have  been  completed  with  a  lead  time  on  anticipated 
contact  which  is  greater  than  T  can  in  general  be  compensated,  while  location  'hlfto 
with  lead  times  on  anticipated  contact  that  are  let*  than  T  stand  a  progressively  lesser 
chance  of  compensation,  as  the  lead  time  decreases.  r 

Utilizing  the  notions  developed  above,  tho  probability  of  mining  the  target  can  be 
evaluated  as  follows 


The  event  of  a  miss  Is  contingent  upon  the  occurrence  of  two  separate  events,  vizi 

o  One  or  mere  gusts  are  encountered  within  the  critical  time  period  T  before 
anticipated  contact,  and  r 

o  The  magnitude  of  at  least  on#  gust  It  sufficient  to  displace  the  target  com¬ 
pletely  out  of  the  "engagement  corridor". 


<i/rrn  un*^'  m 


Since  the  gusts  range  widely  In  magnitude,,  those  two  ©vents  can  be  considered  as  Indepen¬ 
dent.  Thy  probability  of  encountering  one  or  more  gusts  within  the  critical  time  period 
T  preceding  anticipated  contact  Is  u  function  of  the  average  number  of  expected  gusts 
during  that  time  Interval  which  can  fee  written 


(gust) 


a  «ti  *  T 
*  1  -  e  g  r 


The  probability  that  at  least  one  gust  Is  sufficiently  powerful  to  displace  the  target  out  of 
the  engagement  corridor  depends  on  the  area  ratio  A^/A^  and  can  fee  written 

At 

%)  "  1  ~  (W) 


The  probability  of  missing  an  engagement  Is  consequently 


(miss)  P(gu$t)  *  ^(o) 


and  the  probability  of  achieving  an  engagement  Is 


Pe  1  ”  !>{mlss) 


i-  i-  (/Ap> 


Th®  size  of  the  flight  path  Intercept  area  A  depends  both  on  the  magnitude*  of  the 

P 

target  displacement  vector  components  AY.  and  AZ.  and  on  the  configuration  of  the 
target  exposure  area  A},  For  a  rec tangulaf  target  of  width  (a)  and  height  (h),  the  ex¬ 
pected  size  of  the  Intercept  area  Is 

Ap  -=>  77"*5Yt  •  AZt  +  c<  *  AZf  +  b,  AYj,  +  o  •  b  (168) 

where  2Y.  and  AZ,  are  displacement  component  associated  with  th©  roof-mean- 
square  valiJe  for  the  gust  velocity,  ffij. 

Towing  or  Boa>x)jt]p  -  The  activities  and  events  In  (his  phase  are  concerned  with  th© 
twjfion  of  the  cargo  subsequent  to  a  successful  engagement. 

The  baste  parameter  which  characterizes  events  In  this  phase  Is  the  cargo  lotsd  factor,  a, 
and  Its  variation  with  time.  The  cargo  load  factor  depends  tin  the  following  operational/ 
environ  mental  parameters! 

o  Pickup  aircraft  power  reserve 

o  Fick-up  aircraft  flight  *peed,  V 

o  F|ak-up  altitude,  H 

**  Wind  speed,  V 

o  Gw?  velocity,  U 


fhwe  factors,  along  with  specific  features  peculiar  to  Individual  concepts  s#<rva  to  ©stab- 
Ihh  cWgn  criteria  which  are  used  to  evaluate  w®I$ht  and  volume  requirements  for  th® 
various  components  of/  tiro  system .  In  oantmst  to  the  corresponding  pnasa  In  the  delivery 
system  evaluation,  there  Is  no  need  to  consider  any  random  perturbation  of  parameters  In 
this  phase, Design  criteria  in  terms  of  cargo  load  factor  time  histories  can  be  obtained 
by  feeding  limiting  data  far  operational/ environmental  parameters  Into  computer  r ©pre¬ 
sentations  of  Hvo  system  functions.  Output  of  this  analysis  Is  strength-weight  and  volt/- 
metric  requirements  for  the  following; 

o  lift  systems 

Lift  lines 

Lift  generator 

Cargo  harness 

o  Winch  system# 

Power  requirements 

o  Boarding  systems 

Payload  Redeployment  -  The  performance  of  the  cargo  ground-to-air  retrieval  concept 
tralso^raTudtedior'cargo  redeployment,  The  functional  activities  to  be  considered  In 
this  phase  depend  on  whether  the  retrieved  cargo  Is  being  towed  or  has  been  brought 
aboard  the  aircraft.  In  either  event,  the  method*  used  for  determining  the  concent  re¬ 
deployment  performance  number  cm  Identical  to  tho*e  described  for  earlier  aerial  de¬ 
livery  systems  under  the  heading  "Analysis  of  Specific  Functional  Phases",  with  the  fol¬ 
low  lug  exceptions; 

o  An  additional  Increment  of  time,  Tr,  Is  added  to  account  for  the  difference  be- 
fween  concept*  In  time  required  to  prepare  the  cargo  for  pick-up. 

o  Tho  resultant  performance  number  Is  modified  by  the  probability  of  cargo  pick¬ 
up  In  ardor  to  reflect  tho  overall  lower  systsm  reliability  (n  relation  Jo  a  sys¬ 
tem  which  must  perform  aerial  delivery  only. 

o  The  penalty  which  tho  aircraft  experiences  due  to  the  weight  of  tho  pick-up 
system  aboard  the  aircraft  Is  expressed  In  a  cargo- to-sys tern  weight  ratio  re¬ 
duction  factor. 

Determination  of  Concept  Performance  Number 

Values  for  the  ©or, c«pr  performance  number*  are  determined  In  accordance  with  Equation 
{yii\)  far  combined  retrieval/ redeployment  concept*  and  In  accordance  with  Equation 
(103)  for  Concepts  assuming  retrieval  only.  In  both  these  equations,  the  not  cargo  weight, 
W  ,  appear*  In  the  numerator. 


System  weight;  W-,  includes  the  weight  of  all  component*  required  for  operation  of  the 
system  Whether  they  are  carried  in  tho  airplane  or  not.  Sine©  the  total  retrieved  weight, 
W  ,  I*  held  at  constant  values,  the  net  cargo  weight,  W  ,  la  evaluated  as  follow*! 


W  -  W 
<:  cr 
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where 

W  j  -  Weight  of  cargo  harness,  lift  system  and  tow  lines. 

Discussion  of  Weighting  Factors/Porformance  Perturbation  Constants 

A  list  of  the  basic  parameters  that  characterize  the  operation  and  performance  of  aerial 
retrieval  systems  Is  shown  in  Figure  151.  The  parameters  are  classified  in  the  throe  over¬ 
lapping  descriptive  categories  of  design,  operotional/erivironmenta!,  and  performance. 

In  the  next  four  columns,  the  areas  of  application  of  each  parameter  are  Indicated.  The 
first  of  these  columns  Indicates  parameter  values  which  are  necessary  for  the  concept 
evaluation  method,  outlined  previously,  but  which  cannot  be  assumed  to  differ  from  one 
concept  to  another.  The  only  entries  In  this  column  applicable  to  retrieval  concepts 
have  to  do  with  subsequent  cargo  redeployment  and,  as  such,  are  shown  in  Figure  150 
and  are  discussed  earlier  In  the  report. 

The  second  column  presents  parameter  values  which  are  used  to  define  specific  design 
points  common  to  all  concepts,  The  flight  speeds,  wind  speeds,  and  altitudes  are  re¬ 
presentative  values  selected  on  the  basis  of  ranges  indicated  in  Exhibit  A  of  the  RFC? 
and  fiom  current  feasibility  investigations  of  aerial  retrieval  systems.  A  30  foot-par™ 
second  maximum  gust  velocity  was  selected  os  conforming  to  currently  accepted  air¬ 
craft  design  practice.  Concept  performance  is  evaluated  for  the  design  payload  weights 
of  3000  io  10,000  pounds  In  ’1000-pound  increments  as  shown. 

The  third  column  shows  parameter  values  which  are  used  to  generate  data  for  fh«  perfor¬ 
mance)  sensitivities  of  the  various  concepts.  They' can  be  construed  as  weighting  fac¬ 
tors  to  bo  applied  to  numbers  expressing  the  sensitivities  of  a  concept  In  regard  to  par¬ 
ticular  performance  factors,  The  product  of  these  weighting  factors  arid  the  correspond¬ 
ing  sensitivity  coefficients  yf old  performance  decrements  which  are  used  In  the  final 
evaluation  of  concept  performance  capability. 

All  weighting  factors  are  consistent  In  that  they  are  derived  from  paramo  ten.  that  are 
subifflct  to  only  limited  degrees  of  operational  control.  They  ore,  in  fact,  Intended 
to  describe  as  nearly  cis  possible  the  degree  lo  which  those  parameters  are  beyond 
operational  control.  This  description  is  achieved  by  expressing  thorn  Irt  forms  of  stan¬ 
dard  deviations,  or  CRMS)  values. 

The  flight  speed  standard  deviation,  ~  3  kts,  has  boon  selected  from  consideration 
of  the  resolution  afforded  by  marking  of  standard  cth  speed  indicators,  assuming  desired 
pick-up  airspeed  equally  a#  likely  to  fall  between  markings  as  on  a  marking. 

The  altitude  standard  deviation  is  taken  as  having  two  components,  one  of  which  repre¬ 
sents  the  probable  error  committed  by  the  pilot  In  attempting  to  hold  a  specified  alti¬ 
tude  by  altlmoter  referencing,  The  second  represent#  fluctuations  In  ground  elevation 
along  the  ground  track. 

The  wind  speed  standard  deviation  has  boon  taken  to  bo  )0  percent  of  the  design  wind 
speed  of  30  knots.  This  is  assumed  to  be  norma!  error  In  wind  speed  estimation,  Gust 
deviation  is  given  a  one  3lgma  value  of  10- fee t-per-second  or  one-third  of  the  dwsign 
value. 
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Finally,  the  standard  deviation  of  gross  cargo  weight  to  be  retrieved  has  been  calculated 
assuming  a  uniform  distribution  of  possible  cargo  weights  over  each  1000  pound  range. 

The  value,  AW  |  =  300  pounds  has  been  rounded  off  to  simplify  application. 

Summary  of  Aerial  Retrieval  Methodology 

The  method  for  evaluating  aerial  retrieval  concepts  is  based  on  a  quantitative  derivation 
of  system  performance.  Retrieval  concepts  are  divided  into  two  classes;  one  comprising 
concepts  necessitating  cargo  towing  and  subsequent  deployment  by  means  of  aerial  delivery, 
and  the  other  possessing  capability  for  in-flight  boarding  of  the  retrieved  cargo. 

The  performance  measure  for  the  cargo  towing  class  of  concepts  is  the  product  of  its  de¬ 
livery  performance  number  (discussed  in  the  previous  section  entitled  "Aerial  Delivery"), 
the  engagement  probability,  a  weight  efficiency  factor,  and  a  cycle  time  ratio,,  The 
weight  efficiency  factor  is  the  ratio  of  net  cargo  weight  to  the  sum  of  net  cargo  weight 
and  delivery  plus  retrieval  system  weights.  The  cycle  time  ratio  is  the  ratio  of  delivery 
system  cycle  time  to  the  surn  of  delivery  system  cycle  time  and  cargo  retrieval  prepa-a- 
tion  time. 


The  performance  measure  for  the  cargo  boarding  class  of  concepts  is  the  product  of  en¬ 
gagement  probability,  net  weight  of  retrieved  cargo,  and  weight  efficiency  factor, 
divided  by  the  time  required  to  prepare  the  cargo  for  retrieval.  The  weight  efficiency 
factor  is  the  ratio  of  net  cargo  weight  to  the  sum  of  net  cargo  and  retrieval  system  weight. 

For  both  classes  of  concepts,  the  engagement  probability  will  be  calculated  as  the  ratio 
of  two  areas.  The  area  in  the  numerator  is  the  target  area  presented  for  hook  engagement. 
The  area  in  the  denominator  is  the  area  swept  by  the  actual  target  area  moving  under  the 
influence  of  randomly  varying  operational/environmontal  factors.  This  is  called  a  target 
dispersal  area. 


The  entire  retrieval  operation,  from  Initial  preparation  of  the  cargo  to  establishment  of 
stabilized  towing  conditions  or  boarding.  Is  considered  at  three  phases  of  functional 
activity.  As  discussed  in  the  Aerial  Delivery  Summary  Section,  mathematical  rela¬ 
tionships  are  derived  which  contain  terms  expressing  performance  and  operational/on- 
vlronmental  parameters.  The  sensitivity  of  the  concept  performance,  as  expressed  by  the 
engagement  probability  and  the  retrieval  load  factor,  to  variations  In  operationai/en- 
vlronmental  parameters  is  obtained  with  the  aid  of  these  mathematical  relationships. 

The  resulting  sensitivity  coefficients  are  combined  with  standard  deviations  expressing 
the  expected  values  of  variation  in  operational/environmental  parameters,  shown  in 
Figure  151,  to  produce  measures  of  the  target  dispersal  area  and  retrieval  load  factor. 
The  target  dispersal  area  yields  values  for  engagement  probability.  The  retrieval  load 
facto'-  constitutes  a  design  criterion  for  the  system,  Influences  the  weight  of  the  retrieval 
system  and  thus  the  net  cargo  weight  and  cargo  we 'jht  efficiency  factor  for  the  concept. 
These  performance  measures  are  combined  to  produce  the  concept  ranking  number. 


i 
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APPENDIX  C 

CTOL/VTOL  effectiveness  methodology 


introduction 


A  cursory  analysis  of  cos?1  effectiveness  of  the  formulated  retrieval  system  has  been  under¬ 
taken.  The  analysis  was  held  to  a  cursory  level  because  of  the  impracticability  of  apply¬ 
ing  a  spectrum  or  missions  to  a  varied  environment  of  operations  in  different  types  of  war 
as  considered  in  fhs  light  of  postulated  enemy  strategy,  all  within  the  scope  of  the  desired 
study.  Accordingly,  a  simplified  approach  to  an  investigation  of  the  operational  aspects 
of  retrieval  by  conventional  airplane  (CTOL)  versus  VTOL  aircraft  and  helicopters  is  pro¬ 
posed  heroin.  Included  in  this  simplified  approach  are  comparisons  of  the  validity,  vul¬ 
nerability,  safety,  and  reliability  of  the  systems  and  techniques.  The  method  uses  cost 
effectiveness  techniques,  which  include  the  aforementioned  qualities,  as  the  most  sig¬ 
nificant  measure.  Results  provide  a  relative  comparison  of  the  validity  of  retrieval  by 
CTOL  aircraft  contrasted  with  VTOL  aircraft  or  helicopters. 

In  order  to  assess  the  cost  effectiveness  of  the  various  retrieval  systems  as  applied  to  air¬ 
craft  systems,  the  simplified  proposed  approach  utilizes  the  following  procedure  and  oper¬ 
ations} 

o  Establish  a  scenario  with  a  basic  mission  task  to  be  performed 
o  Determine  relative  effectiveness  by  use  of  a  Retrieval  Index 
o  Determine  cost  by  use  of  a  Cost  Index 

o  Estimate  Cost  versus  Effectiveness,  graphically  where  possible 

The  above  questions  are  applied  to  the  following  aircrafts 
o  CTOLs  C-130,  C-141,  and  C-5A 

o  VTOLs  Low-speed,  20,000-pound  payload  type*  with  cruise  speed  of  the  C-130 
High-speed,  20,000-pound  payload  type,  with  cruise  speed  of  Mach  0.85 
o  Hellcopier:  CH-47,  Chinook,  and  CH-54  Skycrane 

The  entire  method  and  the  specific  operations  mentioned  above  are  discussed  In  (fetal!  in 
me  following  paragraphs. 

Skislc  Assumptions 

In  order  to  establish  the  method  of  approach  to  cost  effectiveness,  certain  basic  assump¬ 
tions  are  ‘established  m  follows* 

1.  Existing,  or  known  projected,  aircraft  at®  used.  This  use  of  existing  aircraft 
results  In  application  of  retrieval  systems  to  airplanes  which  are  not  tailored 
specifically  to  retrieve  10,000  pounds  only,,  Otherwise  stated,  the  airplanes 
previously  enumerated  retrieve  payloads  considerably  less  than  design  maximum 
payload,  and,  therefore  operate  at  varying  degrees  of  efficiency.  This  assump¬ 
tion  also  accounts  for  the  fact  that  the  projected  VTOL  airplanes  and  existing 
helicopters  have  payload  capabilities  in  excess  of  the  10,000  pour  "'•oposed 
for  retrieval  by  airplane, 

2.  The  specific  equipment  to  be  retrieved  and  transported  Is  not  Identified. 

3.  All  aircraft  are  assumed  to  have  the  ability  to  retrieve  and  redeliver  people. 

This  I*  assumed  in  order  to  fit  the  systems  into  'ho  proposed  scenarios. 
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4.  VTOL  aircraft  and  helicopters  are  assumed  to  be  on  the  ground  for  retrieval  oper¬ 
ations. 

5.  The  full  load  capability  of  the  VTOL  and  helicopter  types  are  used  because  of 
Assumption  4.  ’ 

Other  assumptions  of  a  minor  nature  are  set  forth  as  necessary  during  he  development  of 
the  method. 

Scenarios 

Prior  to  establishment  of  the  scenc/ios,  it  became  apparent  that  certain  tactical  situations 
were  likely  to  exist  which  would  mitigate  against  one  type  of  aircraft  or  another.  Spe¬ 
cifically,  some  aircraft  have  high  payload  to  gross  weight  capability  for  short  range  oper¬ 
ations,  but  have  very  little  payload  capability  for  increasingly  longer  ranges.  Some,  such 
as  the  helicopter,  are  extremely  limited  in  total  range  when  compared  with  the  basic 
range  capability  of  C-130  or  C- 141  airplanes  at  any  payload  capacity.  Consequently,  it 
became  apparent  thcilt  two  scenarios  were  necessary  to  adequately  measure  the  operational 
effectiveness  of  VTOL  aircraft  versus  retrieval  by  CTOL  systems. 

Hence,  one  scanario  has  a  mission  task  which  is  within  helicopter  range  capability  and  the 
other  a  task  beyond  helicopter  range  capability. 

Short  Range  -  Scenario  A 

Tactical  Situation  -  Pathet  Lao  forces  have  advanced  down  the  ecstern  banks  of  the 

Mekong  in  Laos  through  the  mountain  passes  and  are  attempting  to  drive  to  the  South 
China  Sea.  The  apparent  route  in  Viet  Nam  is  the  main  highway  from  Dak  To  to  An  Nhon 
on  the  coast  via  Kontum.  The  objective  is  to  split  U.  S.  and  VWt  Nam  forces  info  two 
groups:  one  concentrated  in  the  north  at  Da  Nang  and  another  around  Saigon.  Once  split, 
the  northern  group  can  be  conquered  by  pressure  from  the  Viet  Cong  In  the  north  and  from 
the  Pathet  Lao  forces  in  the  south. 

U.  $.  Operation  -  In  a  counter  move,  U.  5.  Forces  based  in  ea:  fern  Thailand  in  the  re¬ 
gion  just  souffiwest  of  Savannakhet,  Laos,  will  jump  on  a  counter  thrust.  The  objective 
will  be  to  drive  across  Laos  into  Viet  Nam  and  link  with  U.  S.  i-'orces  at  Qoang  Tri. 

This  move  would  effectively  bottle  up  Pathet  Lao  forces  and  place  them  in  the  position  in 
which  they  are  hoping  to  place  U.  S.  Farces.  To  achieve  the  e  lement  of  surprise,  and  to 
circumvent  the  necessity  tar  bridging  the  Mekong,  troops  and  equipment  will  be  airlifted 
across  the  river  into  the  relatively  fiat  area  around  Muong  Pha  bane.  Again,  in  the  in¬ 
terests  of  speed  and  surprise,  equipment  will  be  retrieved  and  Viansported  from  a  “where 
it  W[  location  and  will  be  subsequently  airdropped  near  Muong  Pha  Lane.  For  operations 
in  this  scenario,  it  is  assumed  that  the  maximum  transport  distance  is  the  maximum  range  of 
the  helicopters. 

Lang  Range  ~  Scenario  8 

Tactical  Situation  -  The  situation  in  Viet  Nam  has  deteriorated  to  the  point  where  a  com¬ 
plete  evacuation  of  U.  S.  Forces  is  mandatory.  In  this  "Dunkirk"  style  situation,  it  is  as- 
summed  that  sealift  cannot  completely  handle  the  task  due  to  insufficient  time  to  assemble 
the  necessary  ships  and  a  general  lack  of  do c'  facilities,  kf  is  further  assumed  that  avail¬ 
able  airfields  are  crowded  with  fighter  and  attack -type  airplanes. 
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U.  $»  Operation  -  jn  order  to  salvage  as  much  equipment  as  possible#, It  has  been  decided 
To  use  retrieval  techniques  to  airlift  equipment  to  Bangkok#  Thailanu,  which  h  460  nautical 
miles  from  the  Saigon  perimeter.  Upon  arrival  at  Bangkok,  the  equipwa^t  will  be  classified 
and  stored  for  later  transshipment  by  sealift  using  the  port  facilities  -at  Bangkok  and  sailing 
down  the  Gulfof  Siam. 

This  scenario  Is  beyond  the  range  of  helicopters.  It  is  assumed  that  the  full-range  capabil¬ 
ity  of  the  CTOL  and  VTOL  aircraft  will  be  utilized  to  make  as  many  unrefueled  trips  os 
possible.  VTOL  design  range  is  assumd  at  500  nautical  miles  for  c  payload  of  20,000 
pounds. 


Retrieval  Index 


Effectiveness 

in  order  to  measure  fho  effect! veness  of  tb.o  various  aircraft  with  the  operations  outlined  in 
the  scenarios,  a  simplified  measure  is  used.  A  Retrieval  Index  is  employed  which  is  de¬ 
fined  as  follows: 

R  -  Number  of  aircraft  x  Survivability  Index  x  Productivity  x  System  Reliability 
where 

Number  of  Aircraft  =  number  of  aircraft  procurable  by  100  million  production  dollars 
Survivability  Index  ~  )- vulnerability 

Productivity  »  Tons  of  payload  transportable  by  each  aircraft  in  a  day  consisting  of 
10  hours  operation 

Reliability  -  Reliability  and  Maintainability  of  aircraft  plus  retrieval  system 

Number  of  Aircraft  -  Inasmuch  as  the  evaluation  of  retrieval  concepts  is  a  relati  ve  one, 
the  number  of  aircraft  could  have  been  picked  at  any  value  without  negating  the  results  of 
the  effectiveness  study.  However,  in  order  to  determine  the  cost  procurable  by  100  million 
production  dollars,  some  assumption  must  be  made  of  the  point  on  the  learning  curve  at 
yvhtch  the  dollars  are  to  be  applied.  These  specific  points  end  assumptions  are  discussed 
under  the  paragraph  entitled  "Costs”. 

Productivity-  The  productivity  is  measured  by  the  tons-per-day  moved  by  each  aircraft 

and  associated  retrieval  system  in  a  military  operation  lasting  10  hours  per  day.  As  such, 
it  is  this  measure  that  will  account  for  the  effects  of  speed.  In  Scenario  A,  range  is  a  vari¬ 
able,  but  in  Scenario  8,  range  is  a  constant,  in  both  scenarios,  appropriate  time  for  re¬ 
trieval  or  ground  loading,  c®  well  m  refueling  5s  accounted  for.  Inasmuch  as  the  airplanes 
ore  all  Lockheed  airplanes,  refueling  rates  are  as  specified  for  each  basic  design.  The 
VTOL  and  helicopter  refuel  rates  are  assumed  to  be  identical  to  those  for  the  0130.  The 
time  required  for  ground  loading  of  cargo  into  VTOL  aircraft  is  based  upon  C-130  experi¬ 
ence.  Retrieval  is  limited  to  10,000  pounds  for  airplanes;  loading  of  VTOt.  is  20,000 
pounds,  and  the  helicopter  payloads  ere  veiled  os  a  function  of  range. 

Survivability  index  -  A  simplified  analysis  was  made  of  the  vulnerability  of  fixed  wing  air¬ 
craft  versus  VTOL  aircraft  performing  aerial  retrieval  and  ground  cargo  loading  operations, 
respectively,  under  an  assumed  lovef  of  enemy  small  arms  tire. 

The  major  factors  causing  differences  In  aircraft  vulnerability  are  velocity,  exposure  time, 
slant  range-to- weapon,  and  inherent  vulnerability  (vulnerable  area).  Each  of  these  fac¬ 
tors  was  analysed  to  determine  if*  effect  on  aircraft  survivability  and  a  simple  model 
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constructed  to  evaluate  relative  survivability  for  each  mode  of  cargo  handling/  using  real" 
istic  values  for  velocities/  vulnerable  areas,  and  exposure  times  as  inputs.  A  graphical  rep¬ 
resentation  of  the  mode!  is  shown  in  Figure  152. 

Re  I  ?  abi  I  i  ty/ Mai  ntainab?  I  i  ty 

This  factor,  which  has  a  value  approximating  0,8  to  0.55,  is  based  upon  actual  values  de¬ 
termined  by  service  operation.  Where  such  data  are  not  available,  estimates  are  based 
upon  design  specifications  and  requirements  extant  for  such  types  of  aircraft  . 

Cost  Index 


The  total  cost  of  the  systems  will  include: 

o  RDTE  of  the  retrieval  systems  (for  CTOL  only) 
o  Procurement  ($100  million) 
o  Operating  costs 
o  Maintenance  costs 


The  specific  means  of  determination  of  these  costs  ore  discussed  in  the  following  para¬ 
graphs. 


ROTE 

Inasmuch  as  known  or  projected  aircraft  are  used,  aircraft  RDTE  costs  are  considered  as 
"sunk"  costs  and  are  nut  included  in  the  cost  comparisons  of  the  different  retrieval  systems 
under  consideration.  However,  the  RDTE  for  special  retrieval  systems  to  be  used  with 
CTOL  aircraft  are  estimated  and  included  in  the  total  system  cost. 


Procurement 


The  number  of  aircraft  which  can  be  procured  for  $100  million  is  dependent  on  the  number 
of  airplanes  which  have  been  produced,  or  are  planned  for  the  total  inventory,  before  the 
retrieval  system  is  procured.  Letting  this  number  be  Nj,  the  total  procurement  cost  is 
given  by  the  followings 


Cp  =  C,  (N,  +  N)  1  +  lo®  p/'°0  2  -<Nj> 1  +  109  P/!°9  2 


(190) 


where 

Cj  *  First  unit  cost,  obtained  from  historical  or  projected  data 

N  ~  Number  of  aircraft  which  can  be  purchased  at  a  cost  Cp 
P  =  Learning  curve  slope 

Nj,  which  essentially  is  the  point  on  the  learning  curve  or  the  number  of  aircraft  pro¬ 
duced,  is  assumed  as  follows  for  this  analysis: 

C-130  -  Number  produced  as  of  1  January  1966 
C-141  -  Number  produced  as  of  1  January  1966 
C-5A  -  58 

VTOL  -  200  for  both  aircraft 

Helicopters  -  200  or  actual  production  units,  whichever  is  higher 
Solving  for  N  in  Equation  (190); 
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N  =  (Nj) 


+  cp/ct 


1/ (1  +  log  P/log  2) 


(191) 


1  +  log  P/log  Z 


A  historical  value  of  learning  curve  slope  Kr  a  complete  aircraft,  including  airframe, 
engines,  avionics  and  GFAE,  is  85  percent  Therefore,  the  number  of  aircraft  that  can 
be  procured  for  $100  million  follows: 


N  =  (N,) 


0.76554 


VC1 


1.30627 


N, 


(192) 


Operating  Costs 

Operating  costs  consist  of  crew'  costs  and  fuel  costs.  These  costs  are  the  peacetime  oper¬ 
ating  costs  required  to  maintain  a  wartime  capability.  The  utilization  in  peacetime  is 
considerably  less  than  that  which  is  attained  in  wartime.  A  reasonable  value,  based  on 
0130  experience,  is  3.5  hours  per  day.  Using  this  value,  the  total  annual  flying  hours 
for  a  fleet  size  N  is  (3.5)  (30)  (12)  N  =  1260  N. 


The  crew  costs  are  dependent  on  the  crew  complement  for  the  different  aircraft  under  con¬ 
struction,  The  annual  crew  cost  .  jined  by  adding  the  annual  salary  of  all  officers 
and  the  annual  salary  of  all  crewmen  on  an  airplane,  and  multiplying  this  by  the  number 
of  aircraft  in  the  fleet  and  the  number  of  crews  assigned  to  an  airplane.  For  an  annua! 
average  officer's  salary  of  $1 1,100  and  an  average  annual  crewman’s  salary  of  $4,200, 
the  annual  cost  per  airplane  is  $1 1 , 100  nQ  +  4200  nQ,  where  n  is  the  number  of  officers 
and  n  is  the  number  of  crewmen  in  one  crew,  the  number  of  Hying  hours  per  day  for 
the  crew  is  taken  as  the  same  as  the  number  of  flying  hours  for  the  aircraft,  e.g. ,  3.5 
hours  per  day.  For  or  overage  of  1 .5  crews  per  airplane,  the  hourly  crew  cost,  in  dol¬ 
lars,  follows: 


1.5  (11,100  n  +  4200  nJ/(3. 5) (30) (12)  =  15/63  (55  nQ  +21  nj 


(193) 


Fuel  cost  estimates  we  dependent  on  the  type  of  mission  flown.  It  is  assumed  that  the 

fieacetime  use  of  the  airplane  is  equally  diysded  between  the  two  types  of  missions  out- 
ined  in  the  scenario.  Thus,  one-naif  of  the  peacetime  usage  is  in  short  range  missions 
of  50-mile  radius  and  one-half  missions  of  500  mile  radius.  These  are  taken  as  the 
tvpical  use  of  the  airplane,  with  the  exception  of  helicopters,  which  are  used  only  for 
snort  rangd  missions.  For  these  missions,  the  fuel  consumption  and  mission  time  can  be 
determined  to  establish  the  fuel  consumption  per  flight  hour.  The  cost  of  fuel  is  taken 
as  $0,015  per  pound.  Therefore,  fuel  cost  in  dollars  per  hour  for  CTOL  and  VTOL  air¬ 
craft  is  as  follows? 

CpH  -  0. 015  (1/2  F  Am|  + 1/2  Fj/tJ  094) 

where 

F$  -  Pounds  of  fuel  U3ed  In  short  range  mission 

t  -■  Block  time  for  short-range  mission 

F  -■  Pounds  of  fuel  used  in  long-range  mission 
© 

tmj  =  Block  time  for  long-range  mission 
The  fuel  cost  in  dollars  per  hour  for  helicopters  is 


CFH  *  °-0«  FsAns 
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095) 


(196) 


Annual  operating  costs  for  a  fleet  of  N  aircraft  Is 
C0  =  1260N(Cch+Cfh). 


Maintenance  Costs 

utamH  .*>>  «HMBI 

Maintenance  costs  are  divided  Into  airframe  maintenance  and  engine  maintenance.  Each 
of  these  Is  further  divided  Into  labor  and  material.  For  purposes  of  cost  comparison,  the 
maintenance  costs  are  based  on  the  Air  Transport  Association  (ATA)  Standard  Method  of 
Estimating  Comparative  Direct  Operating  Costs  of  Transport  Airplanes  June! 960, 

Airframe  labor  hours  per  flight  hour  are  given  by  the  ATA  formula: 

Ku  «  3.0  +  0.067  W0/1 000  (1 97) 

where 

WQ  s  empty  weight  of  airplane  less  engines 

To  obtain  cost  per  flight  hour,  Ki  *  must  be  multiplied  bv  the  labor  rate  which  1$  taken  as 
$3.00  per  hour,  A  burden  factoroY  87  percent  has  also  keen  included  In  the  ATA  estimates. 
The  airframe  labor  cost  Is  therefore 


Cu  •  (1 . 03) (1 , 87) (3, 00)(3. 0  +  0. 067  Wa/  1 000)  (1 96) 

where  (1.03)  Is  the  labor  non-revenue  factor. 


Airframe  material  cost  per  flight  hour  Is  given  by  the  ATA  formula: 


kma“2-s+7-('V/,° 


where 


_ _ “  Cost  o?  airplane  less  engines. 

#pM 


099) 


To  obtain  total  material  cost  per  flight  hour,  a  material  burden  factor  of  23,3  percent  Is 
Included  in  the  ATA  estimate,  The  airframe  material  cost  Is  therefore 


CMA  '/  0  •03>  0-233)  2.5  +  7.2  C,p</!04 
'/here  (1,03)  Is  the  material  non-revenue  factor. 


(200) 


Engine  labor  costs  depend  on  the  type  of  engine.  For  a  turbojet  or  turbofan,  the  engine 
labor  hours  per  engine  operating  hour  are  given  by  the  ATA  formulas 

Ku“  (0. 718 +  0.031 7 T/1000)  (1100/Hoo) +0.10  (201) 

where 

T  *  Engine  thrust  at  sea  leveJ,  standard  day,  uninstalled 

H  =  Mean  time  between  overhauls 
eo 

For  turboprop  engines,  the  engine  labor  hours  per  engine  operating  hour  are  given  by  the 
ATA  formulas 
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(202) 


K  •  (0.4956+  0.0532  fiSHP/1000)  (1100/Heo)+0 JO 
where 

ESHP  "  Takeoff  equivalent  shaft1  horsepower. 

To  obtain  cost  per  operating  hour,  Kj  ^  must  be  multiplied  by  the  labor  rate,  burden  fac¬ 
tor?  and  labor  non-revenue  factor,  The  labor  cost  per  engine  operating  hour  is  there- 
fore*!  cis  follows;  -  - 

For  turbojet  or  turbofan: 

CL£  e  (1.03)  (1.67)  (3. 00)  (0.718  +0.-0317 T/l000)(H00/Heo)  +0. 10  (203) 

For  turboprop: 

CLE  =  0,03)(1.87) (3, 00)  (0,4956  +  0.0532  ESHP/1000)(U00/Heo)  +0. 10  (204) 

Engine  material  cost  per  engine  operating  hour  is  given  by  the  ATA  formula: 

Kme  «  (81.45  CE/106  -  0,47)/(0,021  H^/100  +  0,762)  {m) 

where 

Cjj  “  Cost  of  engine 

To  obtain  total  engine  cost  per  operating  hour,  the  material  burden  factor  of  23.3  per¬ 
cent'  and  the  materiel  non-revenue  factor  of  1.03  must  be  Included,  There  fore,  the 
engine  material  cost  Is 


'ME 


(1 . 03) (1 . 233)  (81 .45  C^/106  -  0. 47) (0. 02 1  Heo/l  00  +  0 . 769) 


(206) 


When  using  CTOL  aircraft  or  helicopters,  the  engine  maintenance  Casts  are  obtained 
simply  by  multiplying  Cj_g  and  C^g  times  the  number  of  each  type  of  engine.  When 

using  VTOL  aircraft,  the  time  of  use  of  each  type  of  engine  must  also  be  taken  Into  ac¬ 
count.  A  general  formula  for  engine  maintenance  which  h  applicable  to  any  aircraft  is 

CEM  ”  |(1*07)(3,00)  ^ku  [(0.718  +0.0317  T,/1000). 

0  100/H$o)  +  0. 10]  +  K2j  [(0.4956  +  0.0532  (BSHP),/1000)0  !00/H^oJ) 

+  O.IO]  J+  (1.233)  (81.45  Cg./lO6  ~  0.47)/{0.02!  H0o|/lOO  +0,769)  ]  (207) 


where 


th 

n.  -  Number  of  engines  of  the  i  typo  pdf  aircraft 
Pj  a  Percentage  of  time  that  t**’  type  engine  h  used 
k ||  a  1  for  turbojet  or  turbofan 
=  0  for  turboprop 
k^j  *  1  for  turboprop 

*  0  for  turbojet  or  lurbofan 
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The  total  annual  maintenance  cost  for  a  fl$st  of  N  aircraft  Is 


CM  -  12MN(CLA  +  CfcAA+CEM)  (208) 

Solution  to  these  equations  Is  obtained  from  computer  analysis  utilising  existing  computer 
programs.  Costs  are  ctfktecf  and  tho  sum  divided  by  «#*  c?pproprlato  factor  in  order  to  obtain 
an  Index  (C),  This  Index  has  a  magnitude  on  the  order  of  1.0  In  order  to  be  compatible 
v/ith  the  Retrieval  Index  of  comparable  magnitude. 

Cost  Effect! venaf.s 

The  overall  validity  of  the  various  methods  of  retrieving  payload  ore  determined  by  the) 
relative  ranking  of  the  Indices,  For  Scenario  A,  the  Cont  Index,  £,  divided  by  the  Re¬ 
trieval  Indsx,  R,  can  b «  plotted  against  range  as  an  abscissa  m  conceptually  described 
by  Figure  153.  The  plot  would  cover  the  range  up  to  the  maximum  range  of  tb©  helicop¬ 
ters.  Presentation  of  the  operational  aspects  of  retrieval  system*  In  suon  a  form  show 
whether  such  systems  are  valid  In  comparison  with  ether  systems  usably  to  accomplish  re¬ 
quired  miniate 

For  Scenario  B  tho  C/ft  ratio  can  be  plotted  against  cumulative  payload  transported. 
Presentation  In  this  form  Is  Indicative  of  the  relative  significance  of  the  amount  of  ton¬ 
nage  to  be  moved  In  terns  of  type  of  retrieval  system ,  A  conceptual  form  of  such  a  plot 
Is  given  by  Figure  154. 


m 


Rang* 

Figure  153  -  Relative  Effectlven e*«  -  CTOL  vercui 
VTOL  Short  kiting© 
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Figure  154  -  Relative  B'fectfVenet*  »  CTOl  versu* 


APPENDIX  D 

SENSITIVITY  ANALYSIS  -  INFLUENCE  COEFFICIENTS 
AND  PERTURBATION  FACTORS 


General 


The  following  paragraphs  present  the  derivation  of  sensitivity  coefficients  used  for  eval¬ 
uation  of  the  delivery  system  drop  precision  data.  Numerical  data  for  the  appropriate 
perturbation  factors  are  also  presented. 

Influence  Coefficients 


Extraction  Phase  Ground  Travel 

1)  Aircraft  speed  influence  coefficient! 
Ground  travel  during  extraction 

*e  *  va  1  fe  “,/2  ^Ve 


Cargo  exit  velocity 
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With  change  In  aircraft  speed  from  a  nominal  value  vq  to  v  r  the  average  extraction 

load  factor  will  also  change  from  Its  nominal  value  n  %  the  value  n  given  approx- 
imately  by  %  e 
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(213) 


356 


2  1 


x  .  y  (— <L^.  =y  (2,c)1/2 

e  a  K  ,  vr  .2  ~  ' — ® — 7  *. 


-S.  H="> 

0  Jo 


C  O'  ^nS”™" 

o  9ne 


<>xe 


=  0 


(214) 


The  influence  of  variations  in  aircraft  speed  on  extraction  ground  travel  distance  for  He 
cargo  is  negligible. 

2)  Cargo  weight  influence  coefficient: 

With  changes  in  cargo  weight  from  the  nominal  value  W  ,  the  average  extraction 
load  factor  will  also  change  in  the  ratio  co 
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then  dxtt/  ^  „  2  1  1/2  ,/9 

1/2  v  ( -.-£-)  (_£-)  1/2 
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3)  Gust  influence  coefficient} 

Variation  of  extraction  load  facto,  with  gust  velocity: 

*,  v  .  u'  2  u  2 

n ..  -  n _  )  **  ng  (  1  +  va  ) 
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Descent  Phase  Ground  Travel 

■wmriMHiiu>.Kin>tluiiiiwwwii»'  wumnum—^i— » 

1)  Aircraft  speed  influence  coefficient: 

Expressing  the  descent  phase  ground  travel  distance  in  terms  of  on  average  horizontal 
acceleration  fast©?  h  s  then 
*d 

V<2  9"x/d>’/2 


H  .  *  — » 

6  2 


Assuming  proportional! ty  between  Hie  c/»ir«ge  acceleration  factor  ft.  end  tfo»  des¬ 
cent  control  do  vice  drag  load  factor  r^  at  nominal!  speed  vQ„  * 


h  =K  r  IpJSfy 
x  j  o  Y  v  j 


Xj:  w"i 


n  ”  y  "o'”  “ 

"«  (l2vs  2 


d  v 


-  0  (for  all  drop  altitudes  with  vertical  termination  of  the  descent 


a 


2)  Cargo  weight  influence  coefficient 
V/ 
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3)  Wind  error  influence  coefficient: 

The  contribution  to  miss  distune©  due  to  error  In  vfind  estimate  is  proportional  to  the 
length  of  time  that  the  ccsrao  *£  exposed  to  the  wind 


JL  *  *d 
*vw 

4)  Flight  altitude  error  influence  coefficients 


(229) 


dx, 

.  s  Can  be  read  as  slope  of  ground  travel  distance  versus  flight  altitude 
o  h  graph  at  each  altitude  and  cargo  weight. 


Perturbati on  FcreS-ors 


Cargo  Weight  Variations 

For  the  purpose  of  analysis,  a  symmetric,  triangular  distribution  centered  on  the  nom¬ 
inal  value  ami  extending  to  the  half-interval  on  either  side  will  be  assumed* 

This  assumption  yields  the  probability  density  distribution  function: 
f  (x)  a  4{x  -  1/2)  ~  1/2  £  x  <  0 

f  {;<)  *  2  -  4x  0  £x  <  -t  1/2  <230> 

Distribution  variance 

0  ^  -H/2 

Vw  (x)  = Jj^2  (Ax  -  2)  x2  dx  +  (2  -  4x)  x2  dx  (231) 
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Vor  (x)  *  x4  -2/3  x  3f  +  2/3  x3  ■»  x4  +1/2  *  .04166 

M/2  0 

Cargo  weight  standard  deviation 

1/2 

.:.  CTW  =  (Ccrgo  weight  increment)  .  (Var  (x)) 

*  *  crw°  *  (5000)  (  204)  *  1021  lbs. 

C 

Gust  Velocity 

'  CTu  «  SO  ft/sec  EAS  =5,925  Kt$  EAS 
Wind  Velocity  (estimation  error) 

■  tunft* in—wrniTw~- ~ *—  4- 

W&e  sas  diets..  fiAS 

Altitude  Error 

<Xh=».01h  +  5Q  >500  ft) 
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